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Abstract 
Molecular dynamics of biomolecules, like proteins and nucleic acids dictate essential 
biological processes allowing life to function. They are involved in a vast number of 
cellular tasks including DNA replication, genetic recombination, transcription and 
translation, as well as signalling, translational motion, structure formation, biochemical 
synthesis, immune response, and many more. Developed over billions of years by evolution 
they constitute fine-tuned networks modulated by temperature and regulatory mechanisms. 
A better understanding of the thermodynamic fundamentals of inter- and intramolecular 
conformational changes can shed light on the underlying processes of diseases and enables 
the transfer of biological architectures, properties and compositions to nanotechnological 
applications. 
Dynamics of biomolecules occur on a wide range of timescales covering more than twelve 
orders of magnitude. Fluorescence spectroscopy techniques like time-correlated single 
photon counting (TCSPC), fluorescence correlation spectroscopy (FCS), and immobilized 
and freely diffusing single-molecule Förster resonance energy transfer (FRET) 
spectroscopy represent powerful tools monitoring the dynamics at different ranges within 
this large span of timescales.  
However, a unified approach covering all biological relevant timescales remains a goal in 
the field of fluorescence spectroscopy. This would comprise a methodological workflow 
for qualitative and quantitative analysis of biomolecular dynamics ranging from 
nanoseconds to hours. 
In this work, a custom built single-molecule fluorescence spectroscopy set-up was 
constructed combining confocal single-molecule FRET spectroscopy with TCSPC, FCS 
and fluorescence anisotropy techniques for multiparameter fluorescence detection (MFD). 
The set-up allows the complementary observation of single-molecules over an extensive 
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timescale ranging from fast reconfiguration dynamics of polymers (nanoseconds) to slow 
membrane protein folding (hours) without the need of molecular synchronization. Freely 
diffusing molecules enable high throughput measurements in heterogeneous membrane-
mimetic and denaturing environments. 
Additionally, routines for data acquisition and processing were developed followed by the 
elaboration of a methodological workflow for the qualitative and quantitative analysis of 
biomolecular dynamics. Finally, the applicability was demonstrated on a big diversity of 
biological systems (DNA hairpin, Holliday junction, soluble and membrane proteins) in 
aqueous, membrane-mimetic and denaturing environments covering conformational 
dynamics from nanoseconds to hours. 
Zusammenfassung 
Biomoleküle, wie Proteine und Nukleinsäuren, sind essentielle Bausteine des Lebens und 
permanent an biologischen Prozessen beteiligt. Innerhalb der Zelle nehmen sie eine 
Vielzahl von Aufgaben wahr, darunter DNA-Replikation, genetische Rekombination, 
Transkription und Translation, sowie Signalübertragung, Transport, Strukturbildung, 
biochemische Synthese und Immunreaktion.  
In Milliarden von Jahren evolutionärer Entwicklung wurden biomolekulare Prozesse 
immer feiner aufeinander Abgestimmt. Um den zugrundeliegenden Mechanismus von 
Krankheiten besser zu Verstehen und um die einzigartigen Eigenschaften und 
Kompositionen biologischer Systeme auf nanotechnologische Anwendungen übertragen zu 
können, ist es unbedingt notwendig ein besseres Verständnis thermodynamischer 
Grundlagen inter- und intramolekularer Konformationsänderungen zu erlangen.  
Dabei finden sich Dynamiken von Biomolekülen über eine Zeitskale von mehr als zwölf 
Größenordnungen verteilt. Fluoreszenzspektroskopietechniken, wie zeitkorrelierte Einzel-
photonenzählung (TCSPC), Fluoreszenzkorrelationsspektroskopie (FCS), und Förster-
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Resonanzenergietransfer (FRET)–Spektroskopie von immobilisierten und frei 
diffundierenden Molekülen, stellen leistungsfähige Werkzeuge dar, welche es ermöglichen 
Dynamiken in der den Techniken entsprechenden Zeitskala aufzulösen. 
Dennoch, besteht der dringende Bedarf nach einer einheitlichen Methode, der in der 
Fluoreszenzspektroskopie alle biologisch relevanten Zeitskalen abdeckt. Dies würde einen 
methodischen Workflow für die qualitative und quantitative Analyse der biomolekularen 
Dynamik von Nanosekunden bis Stunden bedeuten. 
In dieser Arbeit wurde ein speziell angefertigter Multiparamter-Fluoreszenzspektroskopie-
Aufbau konstruiert, welcher die konfokale Einzelmolekül-FRET-Spektroskopie mit den 
TCSPC-, FCS- und Fluoreszenz-Anisotropie-Techniken kombiniert. Der Aufbau 
ermöglicht die Beobachtung komplementärer Eigenschaften von Einzelmolekülen über 
eine umfangreiche Zeitskala hinweg. Dynamiken von schnell rekonfigurierenden 
Polymeren (Nanosekunden) bis hin zu langsam faltenden Membranproteinen (Stunden) 
sind ohne molekulare Synchronisation möglich. Darüber hinaus, ermöglicht der Einsatz 
frei diffundierender Moleküle einen hohen Messdurchsatz und die Anwendung heterogener 
membranmimetischer und denaturierender Lösungen.  
Zusätzlich wurden Routinen zur Datenerfassung und -verarbeitung entwickelt, gefolgt von 
der Ausarbeitung eines methodischen Workflows zur qualitativen und quantitativen 
Analyse von biomolekularen Dynamiken. Abschließend wurde die Anwendbarkeit an fünf 
biologischen Modelsystemen (DNA-Haarnadel, Holliday-Junction, lösliche und 
Membranproteine) in wässrigen, membranmimetischen und denaturierenden Umgebungen 
demonstriert und alle biologisch relevanten Zeitskalen von Nanosekunden bis Stunden 
abgedeckt. 
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Chapter 1: Introduction 
“Change is the only constant in life”. A main characteristic of living organisms is their 
unceasing process of development and transformation. All starting in the bustle of the cell, 
where ribosomes attach to mRNAs to form peptide chains, which assemble to functional 
proteins ready to act as hormones, enzymes, channels, pumps, motors, messengers, 
antibodies, fibres and many more. 
Nucleic acids and proteins are two of the four essential biomolecules found in all known 
forms of life. They play a central role in the organisation and maintenance of the complex 
environment of a cell. During biomolecular processes, they undergo conformational 
changes leading to dynamics on an extensive timescale [2]–[7]. These dynamics range from 
1-10 µs-1 for the enzymatic reactions carried out by carbon anhydrase, over 100 s-1 for the 
stepwise motion of the translational motor kinesin-1, to 8 h-1 for the folding rate of the slow 
folding membrane protein OmpLA [8]–[12]. 
The intricate process of self-assembling of proteins to their three-dimensional structure is 
a crucial prerequisite for the proper functioning. Inherited and acquired gene variations, as 
well as abnormal amino acid modifications can cause protein misfolding resulting in a 
variety of pathological conditions [13]–[15]. Thus, a better understanding of the 
thermodynamic fundamentals of inter- and intramolecular conformational changes can 
shed light on the underlying mechanism of diseases. Self-assembled three- dimensional 
structures themselves can be utilized for novel nanotechnological applications [16]–[20]. 
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Figure 1.1 - Timescales of biomolecular dynamics accessible by fluorescence spectroscopy 
techniques. Adapted from [5]. 
During the past decades numerous fluorescence techniques evolved in the field of 
molecular biology paving the way for observations of inter- and intramolecular 
conformational changes at different ranges within the large span of biological timescales: 
fluorescence lifetime analysis, nanosecond fluorescence correlation and fluorescence 
cross-correlation spectroscopy (nsFCS and FCCS), time-correlated single photon counting 
(TCSPC), Förster resonance energy transfer (FRET) efficiency trajectory (camera-based) 
and histogram (E-histogram) analysis and manual mixing measurements [5], [21]–[24]. 
Each of these techniques shows strength on different timescales of biological processes 
(Figure 1.1). 
However, a unified approach covering all biological relevant timescales remains a goal in 
single-molecule spectroscopy. This would comprise a methodological workflow for 
qualitative and quantitative analysis of biomolecular dynamics ranging from nanoseconds 
to hours. 
In this work, a custom-built single-molecule fluorescence spectroscopy set-up was 
constructed combining confocal single-molecule FRET spectroscopy with TCSPC, FCS 
and fluorescence anisotropy techniques for multiparameter fluorescence detection (MFD) 
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[12], [25]–[32]. The set-up allows the complementary observation of single-molecules over 
an extensive timescale ranging from polymer dynamics (nanoseconds) to membrane 
protein folding (hours) without the need of molecular synchronization. Freely diffusing 
molecules enable high throughput measurements in heterogeneous membrane-mimetic and 
denaturing environments. 
Additionally, routines for data acquisition and processing were developed followed by the 
elaboration of a methodological workflow for the qualitative and quantitative analysis of 
biomolecular dynamics. Finally, the workflow was applied to diverse biological systems 
(DNA hairpin, Holliday junction, soluble and membrane proteins) in aqueous, membrane-
mimetic and denaturing environments covering conformational dynamics from 
nanoseconds to hours. 
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Chapter 2: Dynamics of Biomolecules 
Molecular dynamics of biomolecules occur on a wide range of timescales covering more 
than twelve orders of magnitude[3]–[5], [31], [33], depending on whether one looks at the 
fluctuations of closely related conformations or large collective motions and intra-
molecular interactions[3]–[5], [31], [33]. A common way to visualize the hierarchy of 
interconversion dynamics is the mapping of the Gibbs free energy of molecular 
conformations over the reaction coordinate, e.g. the end-to-end distance, resulting in a so-
called energy landscape. Energy landscapes are multi-dimensional due to the large number 
of reaction coordinates [3]–[5], [31], [33].  
Figure 2.1A shows a typical one-dimensional energy landscape for a single reaction 
coordinate of a biomolecule. The graph illustrates the hierarchy of molecular kinetics 
according to the height of the energy barriers. In this thermodynamic picture, tier-0 
dynamics describe conformational changes of large amplitude with energy barriers of 
several kBT, e.g. enzyme catalysis, tertiary structure formation in protein folding or steps 
of molecular motors. The characteristic timescale of such conformational changes is bigger 
than 1 µs due to the pronounced barrier and low transition probability. Examples of tier-0 
dynamics are given by the stepwise rotation of F0F1-ATP synthase during ATP hydrolysis, 
filament formation of DnaA on single-stranded DNA, and the stepwise opening of integron 
attC DNA hairpins by SSB [28], [34], [35]. Tier-1 and tier-2 dynamics, on the other hand, 
correspond to relatively small conformational fluctuations within tier-0 states, e.g. methyl 
rotations or loop motions. They are characterized by energy barriers much smaller than 
1 kBT, and therefore occur on timescales smaller than 1 µs. An example of ultrafast tier-2 
fluctuations constitutes the unfolded state dynamics of the cold shock protein Thermotoga 
maritima (Csp) [36]. 
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Figure 2.1 – Biomolecular dynamics an energy landscape perspective. (A) Hierarchy of 
conformational dynamics according to the height of the energy barriers. Tier-0 kinetics correspond to 
collective motions of large molecular domains, like, e.g., formation of tertiary structure in protein 
folding or steps of molecular motors, which stand out by energy barriers of several kBT leading to 
interconversion rates < 1 µs-1. Tier-2 kinetics, on the other hand, like, e.g., methyl rotation or loop 
motion, are characterized by energy barriers much smaller than 1 kBT, and, thereby show 
interconversion rates >> 1 µs-1. The number of closely related tier-2 states is large compared to the 
small number of tier-0 states. Figure adapted from [4]. (B) Schematic of the one-dimensional energy 
landscape of a two state protein illustrating the difference in Gibbs free-energy G between the folded 
and unfolded conformation. In the case of a negligible energy barrier Gf*, the folding time f is 
dominated by the curvature of the unfolded well u and the curvature and diffusion time at the barrier 
top * and D*, respectively. The transition-path time tTP is the time a molecule needs to diffusively 
overcome the barrier top (qL  qR) and is insensitive on Gf*. (C) Timescales of biomolecular 
interconversion dynamics.  
Because of the limited spatial and temporal resolution and thermal stability of single-
molecule techniques, it is not feasible to resolve the entire details of the energy landscape. 
However, for the investigation of the structure-function relationship it has been 
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demonstrated that only a few thermodynamic parameters are sufficient to report on the 
underlying fine structure [36]–[42]. 
Figure 2.1B depicts the thermodynamic parameters, which are essential to describe fully 
the interconversion dynamics of, e.g., a two state protein. The difference in Gibbs free 
energy G, e.g., is equal to the logarithm of the ratio of unfolded to folded molecules. It 
directly reports on the equilibrium of the system. Another important energy value denotes 
the height of the energy barrier with respect to the folded (unfolded) state Gf* 
(Gu* = Gf* + G), which is directly connected to the folding (unfolding) time f (u). 
Small features of the energy landscape in the unfolded well and at the barrier top are 
represented by the curvature u and * (green dashed line), respectively. These two 
parameters together with the diffusion time at the barrier top D* contribute to the attempt 
frequency k0. In the case of a protein with negligible energy barrier the folding time is equal 
to the inverse of the attempt frequency. The transition-path time tTP is the time a molecule 
needs to diffusively overcome the barrier top (qL  qR), which is intriguingly insensitive 
on Gf*. 
The following chapter gives a brief introduction to the dynamics of nucleic acids and 
proteins illustrating the origin of the different timescales of biomolecules. 
2.1 Dynamics of Nucleic Acids 
Nucleic acids (DNA) are essential biomolecules in all known forms of life. Consisting of 
linear chains of nucleotides, DNA carries and transfers the genetic information, which is 
necessary to maintain the high degree of order in prokaryotic and eukaryotic cells. The 
most frequent conformation of DNA under cellular conditions is right-handed double helix 
(B-DNA) [2], [43], [44]. In addition to the canonical B-form structure, DNA can adopt a 
number of alternative structures, often referred to as DNA secondary structures (non-B-
form) – quadruplexes, cruciforms, H-DNA, hairpins, etc. 
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DNA secondary structures are functional genomic elements that play a variety of roles in 
the cell. They are involved in gene function and regulation, recombination, and regulation 
of transcription and translation [2], [45]–[48]. However, these secondary structures may 
also be a reason for genetic instability (high frequency of mutations within the genome), 
when e.g. the subtle balance between the replication, transcriptional, and repair machinery 
is impaired. The investigation of the dynamics and underlying folding landscape of the 
DNA secondary structures is essential to understand the formation and stability of those 
structures in the context of essential cell processes (transcription, recombination and 
replication).  
This chapter discusses the two examples of DNA secondary structures – DNA hairpins and 
Holliday junctions (HJ) – used in this work to get the insights in the dynamic/kinetic aspects 
of the vital cell processes from single-molecule perspective.  
2.1.1 DNA Hairpin Dynamics 
In cells, hairpins can form e.g. during DNA duplication at the leading and lagging strand 
of the replication fork. Hairpins were also found to be involved in transcription, 
recombination and replication, where they alter the coiling of the DNA, binding of 
regulatory proteins and the accessibility of recognition sites [6].  
DNA hairpins form by folding of two inverse repeats of single-stranded DNA on itself, 
thus, representing a stem connected by a loop region. Hairpins constantly undergo changes 
between closed and open conformations with different kinetic rates. According to the 
previous studies, opening and closing kinetics of hairpins was found to depend strongly on 
the hairpin sequence, loop and stem length, salt concentration and temperature [39], [49]–
[65]. Much attention has been payed to the quantification of interconversion dynamics and 
the identification of intermediate states. These studies found relaxation times (inverse of 
the sum of the opening and closing rate) of the opening and closing kinetics to be in the 
range of sub-milliseconds to seconds, thus suggesting a broader landscape with metastable 
intermediates [60], [63]. 
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Here, a custom-designed DNA hairpin with a dynamic loop was used as a model system to 
quantify/access the transition-path time between the open and closed conformations. The 
structure of the hairpin is presented on Figure 2.2A. The DNA hairpin consists of a 5bp-
long proximal stem with a 40% GC-content connected by a T21 loop and folds on a 
millisecond timescale [25].  
2.1.2 Dynamics of Holliday Junctions 
Another important non-B DNA structure – Holliday junction – is formed during DNA 
recombination when two homologous double-stranded DNA molecules exchange strands 
in the form of a four-way (Holliday) junction. During genetic recombination, the 
intermediate formed Holliday junction undergoes conformational changes by moving the 
branch point over many kilobases. This process of branch migration comprises the 
breakage, rotation and pairing of nucleotides and, thus, is exceedingly sensitive to the 
sequence and length of homologous strands, as well as the temperature and the presence of 
ions [66], [67]. Publications that concentrated on the rate of branch migration found step 
times of approximately 100 µs [66], [68].  
To model the recombination in vitro, immobile four-way junctions are used (Figure 2.2B). 
In the absence of divalent metal ions, the center is open and the four helical arms are 
directed towards the corners of a square (Figure 2.2B, middle structure, [69]). Upon 
addition of magnesium ions, depending on the choice of stacking partners, the structure 
folds by coaxial pairwise stacking of helical arms into one of two possible stacked X-
structures (Figure 2.2B, left/right structures). In one conformation, arm H-B is coaxially 
stacked with arm H-X (isoI, Figure 2.2B), whereas in the other it stacks with arm B-X 
(isoII, Figure 2.2B). Those isoI and isoII conformers constantly interconvert between each 
other. 
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Figure 2.2 – Structure of a DNA hairpin and a Holliday junction. (A) Millisecond folding hpT21-
5 DNA hairpin consisting of a T21 loop and a 5bp proximal stem (blue) with 40% GC-content [25]. 
(B) The immobile four way Holliday junction 4WJ consisting of two 11bp and two 12bp-long double-
stranded DNA branches and GC central base pairs (blue). The native conformation of 4WJ represents 
the open square structure (middle). In the presence of covalent metal ions the central base pairs show 
pairwise coaxial stacking resulting in the stacked X-structures isoI and isoII [69]. (C) Dynamics of 
nucleic acids is typically found in range of sub-milliseconds to seconds.  
Studying the population and dynamics of the isoI and isoII conformers will shed light on 
the kinetic accessibility and the role of functional states in DNA recombination, which is 
of great importance as those states determine whether the genetic information is exchanged 
over a long or short range [69]. 
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2.2 Dynamics of Proteins 
Proteins represent one of the major components of life. Involved in a vast number of tasks, 
they can occur as hormones, messengers, antibodies, enzymes, channels, pumps, molecular 
machines and fibres, facilitating and maintaining the complex environment of cells. 
Consisting of a unique sequence of commonly 100 to 1000 amino acids linked during gene 
expression, they form a big variety of functional 3D structures [2]. The dynamic timescale 
of functional proteins ranges from 1-10 µs-1 for the enzymatic reactions carried by the 
carbon anhydrase, over 100 s-1 for the stepwise motion of the translational motor kinesin-
1, to 5-10 s-1 for the addition of monomers to a microtubule filament. [10], [11], [70]. 
 
Figure 2.3 – Model systems for protein folding and their timescales. (A) De novo designed three 
helix bundle protein 3D (PDB 2A3D) [71] (B) Self-inserting membrane protein Mistic (PDB 1YGM) 
[26] (C) Dimer of the outer membrane phospholipase OmpLA (PDB 5DQX) [12]. Structure 
representations were derived from VMD.  
Although the set of building blocks of peptide chains, consists only of 20 well-known 
amino acids, it has been proven to be difficult to predict the folded structure and the 
function of proteins from their amino acid sequence due to the large number of possible 
conformations ( ~10 per amino acid [72]). Intriguingly, the process of protein folding in 
which a linear chain of amino acids self-assembles to a functional molecule cannot be 
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explained by random sampling of the 10N conformers (N is the length of the peptide chain), 
but seems to follow certain pathways on a “folding funnel” to the energetic favoured native 
structure [73]–[75]. Paved by local minima of metastable intermediates, proteins can be 
trapped in non-native conformations. Depending on the shape of the energy landscape, i.e. 
the amount and height of folding barriers along the folding pathway, protein folding can 
occur on a broad timescale ranging from microseconds to hours [5], [22], [36], [37], [76]–
[80].  
2.2.1 Model Systems of Protein Folding 
In this work, three kind of proteins are utilized to demonstrate and compare qualitative and 
quantitative methods for the extraction of folding dynamics spanning nine orders of 
magnitude. 
Ultrafast folding protein 3D 
3D represents a 73 amino acid long de novo designed protein. The arrangement of capping 
motifs and the core of hydrophobic side chains give rise to a folded structure that comprises 
three -helices (Figure 2.3A) [81]. Zhu et al. investigated the folding kinetics of the protein 
and revealed that the protein exhibits folding times of 3.2 µs at a temperature of 
approximately 50°C and a pH of 2.6. Due to the mono-exponential decay of the relaxation 
time in temperature jump experiments, they suggested an inverse attempt frequency smaller 
than 1 µs [71]. 
The protein 3D constitutes a model system for studying protein folding at the speed limit.  
Fast folding protein Mistic 
Mistic is a self-inserting membrane-interacting protein, found in Bacillus subtilis. It is 
involved in the regulation of biofilm production [82]. The 110 amino acid residues fold 
into a compact conformation comprising four -helices (Figure 2.3B) [83], [84]. In 
detergents, Mistic shows millisecond folding dynamics in a reversible two-state manner. 
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The timescale of the kinetics strongly depends on the polar interactions with ionic and 
zwitterionic headgroups [29].  
Thus, this protein represents a unique model system for studying protein folding at a 
complex hydrophilic/hydrophobic interface. 
Slow folding protein OmpLA 
OmpLA constitutes a membrane-embedded phospholipase in the outer leaflet of gram-
negative bacteria, that forms a dimer in its active state [85]–[87] (Figure 2.3C). This protein 
autonomously folds into the membrane as a 12-stranded antiparallel -barrel on the 
timescale of hours. Krainer et al. demonstrated the reversible unfolding of OmpLA in 
LDAO micelles under denaturing conditions [88]. Thus, OmpLA represents a valuable 
model system for studying the structure formation at very slow timescales [89]. 
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Chapter 3: Fundamentals of Fluorescence 
Spectroscopy 
Fluorescence spectroscopy relies typically on organic fluorophores or fluorescent proteins, 
which also open up possibilities for the detection of single molecules. Fluorescent 
molecules can report on concentrations, diffusion times, interactions, and inter- and intra-
molecular distances. The current chapter gives a brief introduction into the basics of 
fluorescence and the mechanism of Förster resonance energy transfer (FRET) as a powerful 
tool to monitor distances in the nanometer range. 
3.1 Basics of Fluorescence 
Fluorescence is the ability of a substance to emit light spontaneously with a specific 
wavelength after absorption of electromagnetic radiation. A characteristic property of 
fluorescent molecules is the short delay time between excitation and radiative relaxation. 
This so-called fluorescence lifetime  is typically on the order of a few nanoseconds, in 
contrast to phosphorescence, where the delay time is in the range of microseconds to hours. 
Figure 3.1A illustrates a simplified Jablonsky diagram of a fluorescent molecule showing 
the ground state S0, the first excited state S1 and the triplet state T1. Additional sublevels 
(grey), coupled to each electronic state are displayed, accounting for vibrational 
contributions due to rotational and translational freedom of the atoms of the fluorescent 
molecule (Figure 3.1C). In this quantum mechanical picture, the absorption of a photon 
with appropriate energy is represented by a transition from the ground state S0, to the first 
excited state S1, with rate kEX, where  denotes the vibrational sub-state of the respective 
energy level. The subsequent relaxation to the lowest vibrational state S1,0 occurs quasi-
instantaneous within a few picoseconds (Figure 3.1B). After that process, a very likely non-
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radiative reaction pathway constitutes the internal conversion from S1,0 to S0,, which 
appears with a rate kIC in the range of 106 – 107 s-1 [90]. Besides that, the intersystem 
crossing to the triplet state T1 with a rate kISC in the range of 105 – 108 s-1 presents another 
competing depopulation pathway to the fluorescence emission, nonetheless this path is 
prohibited in a classical picture. The most important process, however, constitutes the 
transition from S1, to S0, accompanied by the emission of a red-shifted fluorescence 
photon. 
The probability that the initial excitation results in a fluorescence photon is expressed by 
the fluorescence quantum yield F, which is directly connected to the fluorescence lifetime 
of the dye (Equ. 3.1).  
 
𝐹 =
𝑘𝐹
𝑘𝐹 + 𝑘𝑁𝑅
= 𝑘𝐹 ∙ 𝜏𝐹 (3.1) 
Here kF is the radiative rate of the fluorescence emission and kNR is the sum of rates of non-
radiative pathways, e.g. kIC and kISC. Conversely, the quantum yield and fluorescence 
lifetime can be used to investigate the intrinsic radiative and non-radiative rates of an 
unknown fluorophore.  ATTO647N (Figure 3.1C), e.g., with a reported quantum yield of 
0.65 (ATTO-TEC, Siegen, Germany) and a fluorescence lifetime of 3.74 ns reveals an 
underlying radiative rate of kF  1.74108 s-1 and a sum of non-radiative rates of 
kNR  0.94108 s-1. 
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Figure 3.1 - Jablonski diagram of fluorescence and typical fluorophores. (A) Schematic of the 
electronic states showing the ground state S0, the first excited singlet state S1 and the triplet state T1. 
The grey lines coupled to the respective energy level represent vibrational sub-states due to rotational 
and translational freedom of the atoms of the fluorescent molecule. The excitation of the fluorophore 
S0,  S1, appearing with rate kEX is depicted by the blue arrow. Black arrows illustrate the quasi-
instantaneous relaxation to lower vibrational states. Non-radiative transitions like intersystem crossing 
and internal conversion are indicated by grey dashed arrows (kIC and kISC). The fluorescence and the 
phosphorescence emission occurring with rate kF and kP, respectively, are presented by wavy arrows. 
(B) Magnitudes of radiative and non-radiative transition rates [90]. (C) Chemical structures of the 
fluorophores ATTO532, Sulfo-Cy3, ATTO647N, Sulfo-Cy5 (top to bottom).  
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Different fluorescence techniques (e.g., single-molecule localisation microscopy (SMLM), 
fluorescence correlation spectroscopy (FCS), ensemble time-correlated single photon 
counting (eTCSPC), Förster resonance energy transfer (FRET) microscopy) have different 
demands on the properties of fluorescence probes (Chapter 4). In contrast to SMLM, where 
blinking fluorophores are required to resolve structures below the diffraction limit, FCS 
needs a low triplet amplitude for quantitative analysis on the sub-millisecond timescale. 
eTCSPC, as another example, prefers fluorescent molecules with a relative high 
fluorescence lifetime for optimal identification of quenched states. 
Fluorophore 
max (nm) 
Ex. | m. 
max              
105 (M-1cm-1) 
F F          
(ns) 
MIFcorr T      
(µs) 
T 
ATTO532 533 | 553a 1.17 0.90a 3.86 0.03a 2.7 | 30 0.11 | 0.06 
Sulfo-Cy3 548 | 570a 1.52 0.15a 0.25 0.28a 1.1 | 50 0.28 | 0.16 
RhB 556 | 586a 0.87 0.24b 1.54  2a 28 0.22 
ATTO647N 647 | 669a 1.55 0.65a 3.74 13a 23 0.09 
Sulfo-Cy5 649 | 670a 2.50 0.28a 1.02 0.31a 2.3 | 19 0.31 | 0.10 
ATTO655 663 | 684a 1.24 0.30a 1.88 0.15a 33 0.11 
 
a Hughes et al. 2014 ([91]); b López Arbeloa et al. 1991 ([92]) 
Table 3.1 - Photophysical properties of typical fluorophores: wavelength of the absorption and 
emission maxima max (Ex. | Em.), extinction coefficient maximum max, fluorescence lifetime 
Fquantum yield F, membrane interaction factor MIFcorr, characteristic triplet time T, and triplet 
amplitude T. Parameters max(Ext.), max, , T and T were derived from absorption (NanoDrop, 
ThermoFisher), eTCSPC and FCS measurements. Green and red color highlights the best and worst 
value of each property, respectively. 
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Table 3.1 compares the fluorescence properties of six fluorophores, commonly used in 
fluorescence spectroscopy. The combination Cy3 - Cy5, for instance, is established in the 
FRET field. The dyes show well separated but overlapping spectra yielding a Förster radius 
of 5.4 nm (Chapter 3.2). However, the quantum yields of the dyes, F  0.28, are quite low 
accompanied with a high triplet amplitude. The latter might cause misinterpretations in 
distance determinations. The FRET dye pair ATTO532 - ATTO647N with quantum yields 
bigger than 0.6 and a triplet fraction smaller than 0.2 provides a good alternative. The 
fluorophores ATTO655 and RhB are usually utilized in FCS experiments due to a small 
triplet population. Note that the quantum yield of RhB strongly depends on the temperature 
(~3%K-1, [93]). 
Another criterion for a suitable dye is the membrane interaction factor MIFcorr, which was 
introduced by Hughes et al. and quantifies the interaction of fluorophores with lipid bilayers 
[91]. Hydrophobic fluorophores tend to interact non-specifically with the substrate, which 
might lead to significant artefacts in fluorescence spectroscopy. For ATTO647N with its 
high membrane interaction factor of 13, also on DNA hairpins altered kinetics were 
observed when the fluorophore was attached to the distal stem [25]. To monitor the 
interaction of a fluorescence probe with the substrate, advantage can be taken of the 
fluorescence anisotropy. The fluorescence anisotropy reports on the depolarization of 
absorbed light, which is directly connected to the rotational correlation time  of the dipole 
by the Perrin equation (Equ. 3.2) [94], [95].  
 𝑟(𝜏𝐹) =
𝑟0
1 +
𝜏𝐹
𝜌
 
(3.2) 
Here r0 denotes the fundamental anisotropy. While a freely diffusing fluorophore shows a 
rotational correlation time of about   0.2 ns, fluorophores attached to a biomolecule show 
already an increased value of   0.7 ns [30], [96]. A significant higher value for  indicates 
a hindered rotation of the fluorophore and thus a direct interaction with the biomolecule.  
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3.2 Förster Resonance Energy Transfer (FRET) 
The phenomenon of Förster resonance energy transfer (FRET) was first observed by 
Günther Cario and James Franck in 1922 [97]. In a gas mixture of thallium and mercury, 
they discovered a non-radiative energy transfer between heterogeneous fluorescent atoms 
over a distance larger than the collision radii and called it “sensitized fluorescence”. In the 
preliminary work of J. and F. Perrin the transfer mechanism was already described as a 
dipole-dipole near-field Coulomb interaction but with a distance dependency of ~1/R3. 
However, several experiments found a larger dipole distance than predicted by the theory. 
Theodor Förster further developed the formalism of the Perrins by taking into account the 
overlapping spectra of the broad donor emission and acceptor absorption, which finally led 
to the today known distance dependency of ~1/R6. He published his work in 1946 with the 
title “Zwischenmolekulare Energiewanderung und Fluoreszenz” [98]. 
Figure 3.2A shows the absorption and emission spectra of a common FRET dye pair 
ATTO532 (donor) and ATTO647N (acceptor). The orange area highlights the spectral 
overlap of the donor emission FD() and the acceptor absorption A(). The overlap integral 
J calculated from FD()A() represents the probability that the two molecules are in 
“resonance” meaning that the transition dipoles have the same frequency. This is one 
important requirement of the energy transfer between the two fluorescent molecules. 
Another criteria is the relative dipole orientation 2 (Figure 3.2B), which is defined by:  
 2 = (𝑠𝑖𝑛𝜑𝐷𝑠𝑖𝑛𝜑𝐴𝑐𝑜𝑠− 2𝑐𝑜𝑠𝜑𝐷𝑐𝑜𝑠𝜑𝐴)
2 (3.3) 
where D and A are the angles of the dipoles with respect to the inter-dye vector rDA and 
 is the angle between the dipole planes.  
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Figure 3.2 - Fluorescence spectra of a typical FRET-dye pair and 2 distribution. (A) Normalized 
absorption and emission spectra of the donor and acceptor fluorophore ATTO532 (green) and 
ATTO647N (red), respectively (ATTO-TEC, Siegen, Germany). The Förster radius R0, the inter-dye 
distance at which 50% of the donor excitations are transferred to the acceptor, is directly proportional 
to the sixth root of the overlap integral (orange area) of the emission and absorption spectra of the 
donor and acceptor, respectively. (B) Simulated histogram of the orientation factor 2 of a freely 
rotating donor and acceptor dipole (grey cityscape). For each set of dipoles, 2 was calculated by Equ. 
3.3 using D and A, the angles of the dipoles with respect to the inter-dye vector rDA, and the azimuth 
angle  (see inset) [99]. An average orientation factor of 2/3 can be obtained from the histogram.  
In the case of perpendicular orientated dipoles, e.g. D = A =  = /2, 2 calculates to zero 
and no energy transfer from the donor to the acceptor is possible. For freely diffusing 
dipoles with a rotational correlation time much faster than the fluorescence lifetime of the 
donor, dynamic averaging of all possible dipole orientations can be assumed leading to an 
average 2 of 2/3 (Figure 3.2B).  
In Förster’s formalism the overlap integral J and the relative dipole orientation 2 together 
with the quantum yield of the donor D and the refractive index of the medium n are 
combined to the so-called Förster radius. The Förster radius R0 is the characteristic inter-
dye distance of a specific dye pair at which in 50% of the cases the donor excitation is 
transferred to the acceptor (Equ. 3.4). 
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𝑅0 = (
9(𝑙𝑛10)𝐷
2𝐽
128𝜋5𝑛4𝑁𝐴
)
1/6
 (3.4) 
Table 3.2 contains the Förster radii of several dye pairs reaching from 5 to 7 nm. Note that 
the experimental R0 can deviate from the listed values due to restricted rotational freedom, 
change in quantum yield and refractive index.  
Donor Acceptor R0 (nm) 
Alexa Fluor 555 Alexa Fluor 647 5.1a 
Cy3 Cy5 5.4b 
ATTO532 ATTO647N 5.9c 
ATTO550 ATTO647N 6.5c 
Alexa Fluor 488 Alexa Fluor 555 7.0a 
 
a ThermoFisher; bJoseph R. Lakowicz, Principles of Fluorescence Spectroscopy; c ATTO-TEC 
Table 3.2 - Theoretical Förster radii R0 of different FRET-dye pairs determined from the spectral 
overlap for different fluorophore combinations. 
To derive the efficiency of the Förster resonance energy transfer, freely rotating donor and 
acceptor dipoles with an inter-dye distance rDA are presumed (Figure 3.3A). In a simplified 
picture, the Förster energy transfer can be described by the depopulation pathway D* to A* 
occurring with a distance depending transfer rate of kE(rDA) (Figure 3.3B). Here D, D* and 
A, A* represent the ground and excited state of the donor and acceptor fluorophore, 
respectively. The relation between the transfer rate and the inter-fluorophore distance rDA 
is given by [98]: 
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𝑘𝐸(𝑟𝐷𝐴) = 𝑘𝐷(0) (
𝑅0
𝑟𝐷𝐴
)
6
 (3.5) 
Here kD(0) denotes the relaxation rate of the excited state of the donor in absence of an 
acceptor, which is equal to the inverse of the donor lifetime D(0).  
 
Figure 3.3 - Mechanism of the Förster resonance energy transfer (FRET). (A) The FRET process 
between a donor (D) and acceptor (A) fluorophore can be theoretically described under the assumption 
of freely rotating dipoles, where rDA denotes the distance between the dyes. (B) Reduced Jablonsky 
scheme of a FRET dye pair. D, D* and A, A* illustrate the ground and excited state of the donor and 
acceptor fluorophore, respectively. An excitation of the donor with a photon of suitable energy reflects 
an internal transition of the ground state to the first excited singlet state D  D* (kex). FRET, on the 
other hand, depicted as the competing pathway from D* to A* additionally depopulates the excited 
state of the donor and occurs with a distance dependent rate of kE(rDA). (C)  The efficiency of the 
energy transfer E strongly depends on the distance of the fluorophores. The dependency shows a linear 
and very sensitive range around the Förster radius R0 reaching from 3/4 R0 to 5/4 R0.  
 
The FRET efficiency E is then defined by the simple ratio E = kE/(kE + kD(0)). By 
substituting kE in Equ. 3.5 the FRET efficiency Equ. 3.6 is derived. 
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𝐸(𝑟𝐷𝐴) =
1
1 + (
𝑟𝐷𝐴
𝑅0
)
6 (3.6) 
Figure 3.3C shows the corresponding E(rDA) curve demonstrating the strong linear distance 
dependency of the FRET efficiency around the Förster radius from 3/4 R0 to 5/4 R0.  
In order to connect the distance dependency of the FRET efficiency with the fluorescence 
properties of the dyes, it is necessary to introduce the fluorescence count rates of the donor 
and the acceptor [100]:  
 
𝑛𝐷 = 𝑘𝐷𝐸𝑋𝐷𝐷 (
𝑘𝐷(𝐴)
𝑘𝐷(𝐴) + 𝑘𝐸(𝑟𝐷𝐴)
) 
𝑛𝐴 = 𝑘𝐷𝐸𝑋𝐴𝐴 (
𝑘𝐸(𝑟𝐷𝐴)
𝑘𝐷(𝐴) + 𝑘𝐸(𝑟𝐷𝐴)
) 
(3.7) 
Here kDEX denotes the excitation rate of the donor and D/A, and D/A the quantum yield 
and the detection efficiency of the donor and acceptor fluorescence, respectively. From a 
detailed inspection of E = kE/(kE + kD(0)) two alternative relations can be derived by using 
either Equ. 3.7 or kE = kD(0) - kD(A). This leads to the valuable equations: 
 𝐸 =
𝑛𝐴
𝑛𝐴 + 𝛾𝑛𝐷
= 1 −
𝜏𝐷(𝐴)
𝜏𝐷(0)
 (3.8) 
where D(A) is the donor lifetime in presence of the acceptor and  = (AA)/(DD) is the 
correction factor for differences in detection efficiency and quantum yield.  
The combination of the relations Equ. 3.8 and Equ. 3.6 enables monitoring the distance 
between the donor and acceptor fluorophore by observing either the ratio of the donor and 
acceptor fluorescence or the fluorescence lifetime of the donor. 
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Chapter 4: Multiparameter Fluorescence 
Detection 
During the last decades, single-molecule FRET (smFRET) microscopy has proven as a 
powerful tool to monitor molecular distances of and between biomolecules in the range of 
2 to 8 nm [30], [101]–[103]. By combining smFRET with time-correlated single photon 
counting (TCSPC), fluorescence anisotropy detection and fluorescence correlation 
spectroscopy (FCS) an extensive timescale of molecular dynamics becomes accessible for 
biomolecular observations.  
One aim of this work is the construction of a custom-built set-up implementing all these 
fluorescence spectroscopy techniques for multi-parameter fluorescence detection (MFD). 
The following chapter provides detailed information about the techniques and the set-up. 
4.1 Single-Molecule FRET Spectroscopy 
Single-molecule techniques have the power to directly resolve distributions and 
heterogeneities of individual biomolecular complexes that might remain masked when 
large numbers of molecules are probed simultaneously [104]–[107]. For manipulating and 
probing of single molecules two major techniques have established in the FRET field: 
immobilization based total internal reflection fluorescence (TIRF) microscopy and freely 
diffusing confocal fluorescence microscopy [108]–[112]. While TIRF-microscopes hold 
the advantage of high throughput measurements by observing hundreds of molecules in 
parallel, the strength of confocal microscopes lies in the surface unaffected observation of 
single molecules with high time-resolution.  
In this study, I want to look at diverse biological systems, including membrane and 
membrane-interacting proteins. To this end, a complex and anisotropic milieu of detergents 
  
 
28 
and denaturants is used. Hence, freely diffusing confocal microscopy is the technique of 
choice. 
4.1.1 Confocal Microscopy 
In contrast to conventional wide-field microscopes, a confocal microscope detects only a 
very confined volume (~1 fL) of the sample [113]. This so called observation volume is a 
result of the limiting geometry of a pinhole in the conjugate plane of the objective lens. 
Figure 4.1A demonstrates the working principle of a confocal microscope on the example 
of two emitters (blue and orange) including the laser excitation (green). Light, which is 
produced in focus, is due to angle and direction perfectly guided through the pinhole 
aperture, while light originating from outside of the focus is blocked. For further reduction 
of background signal and photo-bleaching of surrounding molecules the excitation beam is 
focused on the confocal volume by the objective lens. As can be seen from Figure 4.1C and 
Table 4.1, the size of the confocal volume strongly depends on the diameter of the pinhole 
aperture. 
The spatial intensity distribution W(r) of the fluorescence emission can be calculated as a 
convolution of the optical transfer function of the objective-pinhole combination and the 
diffraction limited illumination profile of the laser focus [114]. As an approximation, W(r) 
is often described by a three-dimensional Gaussian distribution according to 
 
𝑊(𝒓) = exp(−2
𝑥2 + 𝑦2
𝜔𝑥𝑦2
) exp(−2
𝑧2
𝜔𝑧2
) (4.1) 
wherexy and z denote the lateral and axial width of the PSF, respectively. That this is 
satisfied shows the theoretical point spread function (PSF) in Figure 4.1B, which is 
simulated for a water objective with 280 µm working distance and a red emitter with a 
wavelength of 640 nm [115], [116].  
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Figure 4.1 - Confocal microscopy and the confocal volume. (A) The sample in the confocal volume 
is excited by a focused laser beam. Only fluorescence light originating from the focal point of the 
objective can pass the aperture of the pinhole (orange). The emitted light from outside the focus is 
blocked for the detection pathway (blue). (B) Isosurfaces of a simulated point spread function (PSF) 
using an objective with 280 µm working distance, water as immersion media and a point emitter with 
640 nm wavelength 2 µm deep in a water solution [115], [116]. (C) Confocal volume of a red emitter 
depending on the diameter of the pinhole aperture derived from fluorescence correlation spectroscopy 
(FCS) as described by [117]. Values are listed in Table 4.1.  
It is important to note that the confined space of the confocal volume can be also understood 
as a spatial and temporal separation of the freely diffusing molecules. 
d (µm) Vconf (fL)  xy (µm) 
30 0.42  0.01 5.1  0.1 1.03  0.02 
50 1.05  0.05 5.9  0.4 1.47  0.06 
100 5.69  1.10 15.2  4.2 3.53  0.56 
Table 4.1 - Structure parameters of the confocal volume. The parameters were determined as 
described by Buschmann et al. for a red fluorophore (ATTO655) at a temperature of 25 °C using a 
laser power of 50 µW [117]. In the table, d is the diameter of the pinhole aperture, Vconf is the confocal 
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volume,  is the ratio of the lateral and axial dimension and xy is the width of the lateral dimension 
there the amplitude is decayed by 1/e.  
 
4.1.2 Freely Diffusing Molecules 
The thermal motion of a molecule species is characterized by its diffusion coefficient, 
which depends on the viscosity and temperature of the surrounding media and the size of 
the particle (Equ. 4.2). Figure 4.2A shows a simulated trajectory of a freely diffusing 
fluorescent molecule in two dimensions (blue to yellow). On its way through the solution, 
the particle can randomly cross the confocal volume. At that moment, the detectors record 
a fluorescence burst. The longer the molecule spends in the observation volume the more 
photons are collected and a resulting in a better signal to noise ratio. The so-called burst 
duration, which is equal to the diffusion time through the confocal volume, not only 
depends on the diffusion constant but also on the lateral width of the confocal geometry.  
𝐷 =
𝑘𝐵𝑇
6𝜋 ∙ 𝜂 ∙ 𝑅0
=
𝜔𝑥𝑦
2
4 ∙ 𝜏𝐷
 (4.2) 
Here kB is the Boltzmann constant, T and  are the temperature and viscosity of the solution, 
respectively, R0 is the hydrodynamic radius of the molecule, xy is the lateral width of the 
confocal volume and D is the diffusion time of the molecule through the spot. 
The average number of molecules in the confocal volume can be measured by FCS and 
lifetime filtered FCS (FLCS). Figure 4.2B shows a logarithmic plotting of the results. To 
ensure single-molecule observations in confocal microscopy a concentration smaller than 
100 pM is required. At the same time, a high statistical throughput is wanted suggesting a 
minimum concentration of about 10 pM. 
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Figure 4.2 - Freely diffusing single-molecules. (A) Simulated trajectory (blue to yellow) of a two-
dimensional freely diffusing fluorescent molecule (lower panel). The fluorescence burst in the intensity 
trace (upper panel) originates from the transition of the molecule through the confocal volume indicated 
by the black oval. (B) Average number of molecules in the confocal volume over the molecule 
concentration observed by FCS and lifetime filtered FCS (FLCS) as described by [117], [118]. To 
ensure less than one molecule in the confocal volume for single-molecule detection a concentration 
smaller than 100 pM is required.  
4.1.3 Fluorescence Spectroscopy 
The cross section of fluorescence molecules for photons of different energy is reflected by 
the absorption and emission spectrum. Figure 4.3A shows the normalized emission and 
absorption spectra of a green and fluorescent molecule (ATTO532 and ATTO647N, 
respectively, ATTO-TEC). It is striking that the distribution of the emission is mirrored to 
the absorption spectrum and shifted to higher wavelengths. The similarity of the spectra is 
a result of the symmetry of the excitation and relaxation pathways, whereas the so-called 
stokes shift is caused by the rapid vibrational relaxation of the excited state (chapter 3.1) 
[95]. 
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Figure 4.3 - Fluorescence spectra of a FRET-dye pair and detection window. (A) Absorption and 
emission spectra of ATTO 532 and ATTO 647N (grey) as a typical donor-acceptor FRET pair (ATTO-
TEC). The green and red lines indicate the laser wavelengths for direct excitation of the donor and 
acceptor. The green and red areas represent the green and red detection window of the microscope, 
respectively. (B) Optical setting of the dichroic and the bandpass filters. The donor and acceptor 
intensities are separated by a dichroic mirror (F38-651, Semrock, New York, NV, USA) and thence 
cleaned up by a red and green bandpass filter (ET700/75M, Chroma, Belows Falls, VT, USA and FF01-
582/75, Semrock), respectively. The insets show the corresponding transmission T over the wavelength 
 for the optical elements.  
In FRET microscopy the efficiency of the energy transfer E between two spectral separated 
fluorophores (donor and acceptor, Figure 4.3A) is monitored by the ratio of their 
fluorescence emission. Hence, it is essential to disentangle specific fluorescence signals 
from a spectral mixture of emitted photons. In the set-up, this is achieved by a combination 
of a dichroic mirror and optical filters (Figure 4.3B). The incident light consisting of the 
fluorescence signal of the donor and the acceptor is first separated by a dichroic mirror (HC 
BS 650, Semrock, New York, NV, USA) at a wavelength of 649 nm. Followed by bandpass 
filter (ET700/75M, Chroma, Belows Falls, VT, USA and FF01-582/75, Semrock) defining 
the detection window of the donor and acceptor, respectively [30], [31], [102], [119]. The 
range of the detection windows is a compromise between best possible overlap with the 
respective emission spectrum and suppression of the laser excitation and Raman scattering.  
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Fluorophore pair    detector P530 / P640 
Cy3 - Cy5 
0.0997 
0.0997 
0.0724 
0.0659 
1.7420 
1.5859 
-SPAD 
SPCM-AQR 
110 µW / 
56  µW 
ATTO 532 - ATTO 647N 
0.0621 
0.0621 
0.0275 
0.0247 
0.8546 
0.7685 
-SPAD 
SPCM-AQR 
110 µW / 
90  µW
ATTO 550 - ATTO 647N 
 0.0599 
0.0547 
0.8076 
0.7380 
-SPAD 
SPCM-AQR 

ATTO 550 - Alexa647 
 0.0599 
0.0547 
0.3138 
0.2865 
-SPAD 
SPCM-AQR 

Alexa488 - ATTO 647N 
 0.0050 
0.0045 
2.3562 
2.1095 
-SPAD 
SPCM-AQR 

Table 4.2 - Theoretical correction factors.  Calculated correction factors for different FRET-dye 
pairs and detectors using green and red laser excitation (530 nm and 640 nm, respectively). From the 
known emission/absorption spectra of the fluorophores, the transmission spectra of the dichroics and 
bandpass filters and the photon detection efficiency of the detectors the theoretical correction factors 
of the respective dye pair can be calculated.  
Concerning the non-ideal quantum yield of the dyes, the detection efficiency of the 
detectors, overlap of the donor emission spectrum with the acceptor detection window 
(spectral leakage) and the not ignorable probability of direct acceptor excitation by the 
green laser, the detected fluorescence intensities have to be corrected for further analysis. 
To this end, the calculation of the FRET efficiency E is modified to [30]: 
𝐸 =
𝐹𝐺𝑅 − 𝛼𝐹𝑅𝑅 − 𝛽𝐹𝐺𝐺
𝐹𝐺𝑅 − 𝛼𝐹𝑅𝑅 − 𝛽𝐹𝐺𝐺 + 𝛾𝐹𝐺𝐺
 (4.3) 
including the detection correction factor  and the correction factors for direct excitation, 
, and spectral crosstalk, . In the Equ. 4.3, FGG and FGR are the background subtracted 
fluorescence intensities in the donor and the acceptor channel, respectively, after donor 
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excitation and FRR in the acceptor channel after acceptor excitation (Chapter 4.3). The 
detection correction factor itself is calculated by 
𝛾 =
𝑔𝐴 𝐴
𝑔𝐷 𝐷
 (4.4) 
Here gA and gD denote the detector detection efficiency and A and D the quantum yield 
of the acceptor and donor, respectively.  
Table 4.2 shows the theoretical correction factors for different FRET-dye pairs and 
detectors calculated from the emission and absorption spectra of the fluorophores, the 
detection window of the microscope and the detection probability of the avalanche 
photodiodes (APDs, Figure 4.4).  
 
Figure 4.4 - Comparison of typical Single-Photon Avalanche Diodes. (A) SPAD-100, PicoQuant, 
Berlin, Germany and SPCM-AQR, Excelitas, Waltham, MS, USA (top and bottom, respectively) (B) 
Detection efficiency of the two detectors as a function of wavelength (PicoQuant). The detectors are 
very sensitive in the red region of the spectrum.  
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4.2 Time-Correlated Single-Photon Counting (TCSPC) 
The fluorescence properties such as, e.g., quantum yield and fluorescence lifetime depend 
on local environment of the fluorophore. Time-resolved fluorescence spectroscopy yields 
access to the fluorescence lifetime of the excited state. This allows to resolve  photophysical 
effects and sample heterogeneities. One way to obtain a fluorescence decay is to record in 
a repetitive manner the delay time of emitted photons after a very short excitation pulse 
(Figure 4.5A) [120], [121]. In this kind of arrangement, a pulsed laser provides a 
picosecond long pulse with high photon density to excite a fluorophore. Any subsequent 
photon is detected by a very fast and sensitive avalanche photodiode (APD). To gain the 
delay time of the fluorescence emission (microtime) the photon detection is synchronized 
with the preceding laser pulse by a time-correlated single photon counting (TCSPC) 
module. Microtimes are collected over many laser cycles and sorted into histogram 
channels with fixed bin size of a few picoseconds. The resulting distribution F(t) represents 
a convolution of the instrumental response function (IRF) of the detector-laser combination 
and the actual fluorescence lifetime distribution and can be precisely described by [30], 
[122]:   
𝐹(𝑡) = 𝑁𝑝ℎ
𝐼𝑅𝐹  ∑ (𝐴𝑖 exp (−
𝑡
𝜏𝑖
) + 𝑐)𝑖 + 𝑏𝑔(𝑡)
∫ (𝐼𝑅𝐹  ∑ (𝐴𝑖 exp (−
𝑡
𝜏𝑖
) + 𝑐 )𝑖 + 𝑏𝑔(𝑡)) 𝑑𝑡
 (4.5) 
where Ai denotes the amplitude of the ith exponential component with average fluorescence 
lifetime i, c is a uncorrelated channel offset, bg(t) a time-correlated background signal due 
to Rayleigh or Raman scattering and environmental light and Nph the total number of 
collected photons in the histogram.  
The macrotime of the photons, which is given by their time of occurrence relative to the 
start of the measurement, can be used to monitor the time evolution of the fluorescence 
lifetime.  
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Figure 4.5 - Principle of time-correlated single-photon counting (TCSPC). (A) Schematic 
illustration of periodic pulsed laser excitation and correlated detection of single fluorescence photons. 
Here the microtime is defined as the time delay of the photon to the preceding laser pulse and the 
macrotime as the laboratory time stamp of the photon. To derive the shape of the fluorescence lifetime, 
the microtimes of all laser cycles are collected in histogram channels with a fix bin time of 4 or 16 ps. 
(B) Semi logarithmic plots of fluorescence lifetime curves obtained from a solution containing 
ATTO532 (yellow) and a solution containing a mixture of ATTO532 and Rhodamine B (orange). The 
shape of the orange curve is described by a double exponential distribution originating from the two 
fluorescence lifetimes of the fluorophores (fl=3.8 ns, ATTO532; fl=1.7 ns, Rhodamine B). The grey 
curve represents the instrumental response function (IRF).  
Figure 4.5B shows how the shape of the fluorescence decay changes from a single 
exponential distribution (ATTO532, fl=3.8 ns) to a double exponential distribution by 
adding a second fluorophore with a shorter fluorescence lifetime (Rhodamine B, 
fl=1.7 ns).  
Fluorescence bursts typically contain less than 200 photons due to the limited observation 
time. To derive fluorescence lifetime information from single molecules the determination 
is simplified to: 
〈𝜏〉 =
1
𝑁𝑝ℎ
∑𝑡𝑖
𝑖
− 〈𝑡𝐼𝑅𝐹〉 (4.6) 
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using the fact that the average apparent fluorescence lifetime of the burst  is equal to the 
average of the microtimes ti of the burst subtracted by the average delay time of the IRF 
tIRF (Appendix, chapter 7.1).  
4.3 Pulsed Interleaved Excitation (PIE) 
Because of nonideal labeling and photobleaching a certain fraction of molecules is not 
equipped with an active acceptor fluorophore. In conventional single-molecule FRET 
measurements, those molecules are indistinguishable from fully active molecules with low 
FRET efficiency. Pulsed Interleaved Excitation (PIE) gives the opportunity to probe FRET 
and simultaneously check for the prescence of an active acceptor. To this end, the donor 
and acceptor fluorophores are excited alternately by two synchronized pulsed lasers [119], 
[123], [124]. The temporal separation between adjacent excitation pulses is chosen such 
that there is as little overlap of the fluorescence decays as possible (Figure 4.6A). At the 
same time a high excitation rate is wanted to maximize the fluorescence brightness. To 
meet both requirements a pulse repetition rate of 50 MHz with a laser delay time of 20 ns 
(more than five times the fluorescence lifetime of the aceptor, fl=3.5 ns) was chosen.  
According to the color and the microtime of the photons three different intensities can be 
disentangeled from every fluorescence burst: FGG and FGR the background subtracted 
fluorescence intensities in the donor and the acceptor channel after donor excitation, 
respectively, and FRR in the acceptor channel after acceptor excitation. The ratio of the 
intensities reports on the fraction of photons originating from the green excitation compared 
to the overall number of photons collected from a molecule, the so-called stoichiometry 
(Equ. 4.7) [30].  
𝑆 =
𝐹𝐺𝑅 − 𝛼𝐹𝑅𝑅 − 𝛽𝐹𝐺𝐺 + 𝛾𝐹𝐺𝐺
𝐹𝐺𝑅 − 𝛼𝐹𝑅𝑅 − 𝛽𝐹𝐺𝐺 + 𝛾𝐹𝐺𝐺 + 𝐹𝑅𝑅
 (4.7) 
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Figure 4.6B shows a typical stoichiometry vs. FRET efficiency plot obtained from a double 
labeled DNA construct. While molecules having only one fluorophore active end up at 
stoichiometry values around 0 or 1 (acceptor only and donor only, red and green), 
molecules with two active fluorophores are placed around S = 0.5. FRET molecules are 
then easily selected by a stoichiometry filter of, e.g., 0.25 < S < 0.75. 
 
Figure 4.6 - Concept of Pulsed Interleaved Excitation (PIE). (A) Cumulative green and red 
fluorescence decay histogram of a double labeled DNA hairpin sample. The lasers were driven in PIE 
mode with a repetition rate of 25 MHz resulting in a temporal window of 20 ns for the respective 
fluorescence relaxation. The stoichiometry and FRET efficiency of each burst is calculated from 
photons of the greyed regions. (B) Stoichiometry vs. FRET efficiency plot of individual bursts of a PIE 
measurement. Molecules having only one fluorophore active end up at stoichiometry values around 0 
or 1 (acceptor only and donor only, red and green), respectively, while molecules having both 
fluorophores active are placed in between (orange).  
4.4 Fluorescence Anisotropy 
As indicated in the FRET introduction in chapter 3.2 the Förster radius R0 depends on the 
relative orientation of the dipoles expressed in the orientation factor 2. If the rotational 
diffusion of the dipoles is much faster than the fluorescence lifetime, R0 can be assumed as 
a time averaged constant of 2/3. However, some fluorophores show a reduced mobility 
caused by hydrophobic interactions with their surrounding environment [91], [125]–[128]. 
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The fluorescence anisotropy is able to shed light on the static and dynamic heterogeneity 
of dipole orientations. For this purpose, the sample is illuminated with a linear polarized 
laser (Figure 4.7A) [129]–[132]. Fluorophores with parallel dipole transition momentum 
are preferentially excited. Their fluorescence emission is divided into parallel and 
perpendicular components by a polarizing beamsplitter and then recorded by APDs. 
Depending on the rotational freedom of the dipoles emitted photons are more or less 
correlated to the initial polarization. If for example the rotational correlation time  is much 
smaller than the fluorescence lifetime fl the ratio of parallel and perpendicular emission is 
close to 1. On the other hand, if  >> fl the dipole orientation shows only minor changes 
during the fluorescence delay resulting in an excess of parallel emitted light.  
In order to explore the rotational freedom of the dyes the calculation of the fluorescence 
anisotropy is given by Equ. (4.8) [30]:  
𝑟 =
𝐺 ∙ 𝐹 − 𝑆𝐹
(1 − 3𝐼2) ∙ 𝐺 ∙ 𝐹 + (2 − 3𝐼1) ∙ 𝐹
 (4.8) 
where F and F are the uncorrected fluorescence intensities in the parallel and 
perpendicular detection channel, respectively, G is the detection correction factor and I1 
and I2 account for the polarization mixing by the refraction in the objective. 
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Figure 4.7 - Steady state and time-resolved fluorescence anisotropy. (A) Experimental setup to 
determine the fluorescence anisotropy. The sample is illuminated with horizontal linear polarized light. 
Emitted photons are separated according to their polarization by a polarizing beamsplitter (PBS). The 
ratio of recorded photons in the two detection channels gives an indication about the average rotational 
correlation time . While freely rotating fluorophores with  << fl emit photons with random 
polarization due to fast rotational diffusion of the dipole, restricted fluorophores with  >> fl show 
only minor changes in the dipole orientation and emit therefore many photons with the same 
polarization like the laser. (B) Fluorescence lifetime histograms of the parallel and perpendicular 
polarization channel obtained from a sample containing freely diffusing ATTO647N. The difference 
in amplitude for small microtimes arises from the time dependent fluorescence anisotropy of the 
sample. (C) Steady state fluorescence anisotropy of single molecules obtained from burstwise 
cumulated photons. The center positions of the populations of freely diffusing dyes (cyan) and the 
DNA-dye complexes (grey) can be described by the Perrin equation including  in the slope of the 
curve. (D) Time-resolved fluorescence anisotropy of the same measurements calculated from 
fluorescence lifetime histograms as shown in (B). The curve of the DNA-dye complex reveals beside 
the fast rotation of the dye a slow component, probably caused by interaction of the fluorophore with 
the macromolecule.  
In TCSPC measurements fluorescence anisotropy values can be derived either time-
averaged from single-molecule bursts (steady state anisotropy) or time-resolved from 
molecule ensembles. Figure 4.7C shows a typical plot of the first case. The two populations 
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originate from a sample with freely diffusing ATTO647N (cyan) and another sample where 
ATTO647N was attached to DNA (grey). The corresponding average rotational correlation 
time  can be extracted by the Perrin equation [94], [95]:  
𝑟(𝜏) =
𝑟0
1 +
𝜏𝑓𝑙
𝜌
 
(4.9) 
using the fundamental anisotropy r0, which is approximately 0.4 for an S0  S1 excitation. 
The apparent shift of the cyan population to higher anisotropies indicates already a 
restrained fluorophore. More information about the origin of  bigger than the usual 0.4 ns 
can be gained from time-resolved measurements. To this end, photon microtimes of the 
two polarization channels are collected in histograms as shown in Figure 4.7B. The time-
resolved anisotropy in Figure 4.7D can then be derived by applying Equ. 4.8 to the data. 
Here again, it becomes apparent that the DNA-dye complex shows a significant difference 
to the freely rotating dye. Beside the fast rotational correlation time of the fluorophore dye, 
a second slower time com from the overall rotation of the DNA shows up. Equ. 4.10 fully 
describes the time-resolved anisotropy decay [30]:  
𝑟(𝑡) = [(𝑟0 − 𝑟∞) exp (−
𝑡
𝜌𝑑𝑦𝑒
) + 𝑟∞] exp (−
𝑡
𝜌𝑐𝑜𝑚
) (4.10) 
with r being the residual anisotropy. This illustrates a dye-DNA interaction caused by the  
hydrophobicity of the ATTO647N fluorophore [25]. 
4.5 Fluorescence Correlation Spectroscopy (FCS) 
The timescale of fluorescence fluctuations originating from diffusion through the confocal 
volume, fluorophore blinking, FRET related distance changes and rotation of the 
fluorophore dipole can be investigated by fluorescence correlation spectroscopy (FCS) 
[114], [133]–[135]. To this end, a continuous fluorescence time trace of a 1 nM 
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concentrated freely diffusing sample is recorded using a confocal TCSPC setup with 
synchronized detectors. Subsequently, the auto/cross-correlation function Gij() of the 
fluorescence time trace is calculated from the fluorescence intensities Fi(t) and Fj(t) by the 
following equation: 
𝐺𝑖𝑗(𝜏) =
〈𝐹𝑖(𝑡) ∙ 𝐹𝑗(𝑡 + 𝜏)〉
〈𝐹𝑖(𝑡)〉〈𝐹𝑗(𝑡)〉
− 1 =
〈𝛿𝐹𝑖(𝑡) ∙ 𝛿𝐹𝑗(𝑡 + 𝜏)〉
〈𝐹𝑖(𝑡)〉〈𝐹𝑗(𝑡)〉
 (4.11) 
where Fi(t) =  Fi(t)+ Fi(t) with the time averaged fluorescence intensity Fi(t) and the 
time dependent fluctuationFi(t). The resulting correlation amplitude at lag time  can be 
understood as the normalized overlap integral of Fi(t) and Fj(t), latter time-shifted by . 
The accessible timescale of the above-mentioned conventional FCS is typically in the range 
of 1 µs to 100 ms due to the limited brightness of the fluorophores and the average diffusion 
time of the labeled molecules through the confocal volume. Smaller timescales can be 
observed by nanosecond FCS (nsFCS). In nsFCS, the correlation amplitude is calculated 
from the inter-photon time distribution of the acquired photon stream yielding an accessible 
timescale of 0.1 ns to 10 µs. 
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Figure 4.8 - Total cross-correlation spectroscopy (nsFCS/FCS). The curve, combining nsFCS and 
FCS, exhibits four characteristic times: the diffusion time of the molecule through the confocal volume 
D (0.1 to 100 ms), the characteristic time T of triplet blinking (1 to 750 µs), the relaxation time of 
chain dynamics of polymers CD (10 to 200 ns) and the antibunching time AB (0.1 to 5 ns).  
Figure 4.8 shows the total correlation curve combining nsFCS and FCS. A labeled molecule 
needs typically 0.1 to 10 ms to transit the confocal volume. This can be extended up to 
100 ms by encapsulating the molecules in vesicles. On the other hand, the antibunching 
effect of photon emission limits the lower timescale. This can be found on the order of the 
fluorescence lifetime between 0.1 and 5 ns. In between one finds the characteristic time of 
triplet state blinking in the range of 1 to 750 µs and the relaxation time of chain dynamics 
of polymers typically on a timescale of 10 to 200 ns.  
The characteristic dwell times of recurring fluorescence fluctuations in the time trace and 
the average number of molecules in the confocal volume can be quantified by fitting the 
acquired correlation function G() with the theoretical curve in Equ. 4.12. 
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𝐺(𝜏) =
(1 − 𝑐𝐴𝐵𝑒
−𝜏/𝜏𝐴𝐵)(1 − 𝑐𝐶𝐷𝑒
−𝜏/𝜏𝐶𝐷)(1 + 𝑐𝑇𝑒
−𝜏/𝜏𝑇)
𝑁 (1 +
𝜏
𝜏𝐷
) (1 +
𝜏
2𝜏𝐷
)
1/2
 
(4.12) 
where cAB, cCD, cT denote the amplitude and AB, CD, T the characteristic time of 
antibunching, chain dynamic and triplet blinking, respectively. The average number of 
molecules in the confocal volume and the translational diffusion time are designated by N 
and D. 
It is worth mentioning, that a combination of FCS with other fluorescence properties, like 
fluorescence lifetime and FRET efficiency (lifetime and species filtered FCS), further 
enhance the accuracy and scope of the technique [118], [136]. 
4.6 MFD Setup 
By combining the features of time-correlated single-photon counting, pulsed interleaved 
excitation and fluorescence anisotropy detection in a spectroscopic confocal microscope, a 
powerful instrument is created for single-molecule FRET investigations with sub-
nanometer inter-dye distance resolution and a time resolution reaching from nanoseconds 
to hours. The instrument gathers a huge information space consisting of FRET efficiency 
E, stoichiometry S, fluorescence lifetime , macrotime ti and fluorescence anisotropy r 
which is gained for every single-molecule and reveals a deep insight into the fluorophore 
environment [30], [31], [119]. 
During this work, a modular MFD setup was designed and constructed. Figure 4.9 shows 
the detailed illustration including the driver and data acquisition hardware. All optical parts 
were assembled on an optical table (M-VIS3660-SG4-325A, Newport, Irvine, USA). The 
60x water objective with a numerical aperture of 1.2 (FI Plan Apo WI 60x, Nikon, Tokyo, 
Japan), which collects the dye emission ~60 µm in solution, is supported by an inverted 
Nikon microscopy stage (Nikon Eclipse Ti, Nikon). For the separation of illumination and 
detection pathway, a dual-edge dichroic mirror (zt532/640rpc, Chroma, Bellows Falls, VT, 
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USA) is utilized. The donor and acceptor fluorophores are excited by two pulsed laser 
sources with wavelengths of 530 nm and 640 nm (LDH-P-FA-530L and LDH-D-C-640, 
Picoquant). The linear polarized laser beams were combined into a polarization- 
maintaining single-mode optical fiber (P3-488PM-FC-2, Thorlabs, Newton, NJ, USA) to 
obtain a TEM00 mode. The resulting beam was collimated (60FC-T-4-RGBV42-47, 
Schäfter und Kirchhoff, Hamburg, Germany) at the end of the patch cable and directed into 
the microscope. The two lasers are driven in the pulsed interleaved excitation (PIE) mode 
(PDL828 “Sepia II”, Picoquant) with a total repetition rate of 50 MHz and a laser power of 
110 µW for the green laser and 90 µW for the red laser measured before the objective. For 
the separation of the donor and acceptor emission a single-edge dichroic mirror (HC BS 
650, Semrock, New York, NY, USA) is used. Emitted photons are bandpass filtered (F1: 
FF01-582/75, Semrock; F2: ET700/75M, Chroma), detected by four single-photon 
avalanche diodes (τ–SPADs, Picoquant) and registered by four independent channels of a 
TCSPC module (HydraHarp 400, Picoquant). 
In order to operate the instrument either in nsFCS/FCS or in anisotropy detection mode, a 
modular filter tower equipped with a 50:50 or a polarizing beam splitter was integrated in 
the light path. A continuous wave excitation of the donor is ensured by a third laser source 
with a wavelength of 532 nm (Sapphire 532-100 CW CDRH, Coherent, Santa Clara, USA). 
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Figure 4.9 - Custom-built multiparameter fluorescence detection set-up. The MFD set-up 
combines single-molecule FRET spectroscopy with TCSPC, FCS/nsFCS and fluorescence anisotropy 
detection. Donor and acceptor fluorophores are excited at 530 nm and 640 nm in pulsed interleaved 
excitation (PIE) mode with a total repetition rate of 50 MHz to remove donor only and acceptor only 
molecules from the analysis. Donor and acceptor anisotropy and fluorescence lifetime are measured 
simultaneously to obtain information about the microenvironment and rotational freedom of the 
fluorophores. BS: 50% beamsplitter; PBS: polarizing beamsplitter; APD: avalanche photo diode; 
F1/F2: bandpass filter.  
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4.7 Analysis Software 
The recorded photons of each measurement are stored by the TCSPC hardware in a 
continuous list of 32-bit unsigned integers containing the respective detector, the 
microscopic arrival time (microtime) and the global time stamp (macrotime). In order to 
locate fluorescence bursts in the photon stream, to derive fluorescence information and to 
analyse filtered information a toolbox of software-packages was developed within this 
thesis. The scripts and graphical user interfaces were developed in Matlab (Mathworks, 
Natick, MA, USA) and are listed below. 
Software Description 
bat burst analysis tool: fluorescence burst identification and calculation 
of burst averaged information for PIE and cw laser excitation (gui) 
t3ee T3 ensemble explorer: 2D scatter plots and histograms for 
qualitative and quantitative analysis of burst averaged information 
(gui) 
TRAboard Time-Resolved Anisotropy: quantitative anisotropy analysis of 
molecule ensembles (gui) 
BVAboard Burst Variance Analysis: identification of millisecond 
interconversion dynamics (gui) 
BSAboard Burst Size Analysis: qualitative analysis of millisecond 
interconversion dynamics (gui) 
CDboard Color Decoding: MLE based quantitative analysis of photon color 
patterns for the determination of interconversion rates of a kinetic 
model (gui) 
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SNL Shot Noise Limit: data-oriented Monte Carlo simulations of FRET 
populations for identification of FRET heterogeneities (script) 
asyFRET fit of asymmetric FRET populations for inter-dye distances much 
higher or lower than the Försterradius (script)  
globFRET global fit of FRET populations of measurement series (gui) 
glob3G global three Gaussian fit of measurement series showing two 
millisecond interconversion of two FRET populations (script) 
dynPDA/statPDA dynamic and static Probability Distribution Analysis: Monte 
Carlo simulation based numerical determination of model 
parameters for static or interconverting FRET populations (scripts) 
Recolering photon wise Monte Carlo simulation of a TCSPC measurement 
using  a static or dynamic model  (script) 
Yhatzee simulation toolbox: Monte Carlo simulation of static or dynamic 
FRET populations including photophysics, linker motion and 
polymer physics (gui) 
lifePDA fluorescence lifetime Probability Distribution Analysis of single-
molecule populations to determine underlying dynamic parameters 
(script) 
eTCSPC fluorescence lifetime analysis of ensemble fluorescence decays by  
reconvolution of underlying molecule distributions with an 
instrumental response function (IRF) (script)  
  
  
 
49 
  
  
 
50 
 
 
Chapter 5: Analysis of Molecular Dynamics 
Main features like the difference in Gibbs free energy of molecular conformations, the 
height of energy barriers and local roughness are strongly related to the molecular 
properties and characterize the thermodynamic stability and kinetic accessibility of 
functional states [31]. In order to gain a better understanding of the structure-function 
relationship of biomolecules, it is crucial to extract kinetic information of their 
intramolecular conformational changes. However, the dynamics of such conformational 
changes occur on a wide range of timescales covering more than twelve orders of 
magnitude (chapter 2). 
This chapter provides a detailed methodological workflow to identify and quantify 
molecular dynamic processes over an extensive timescale reaching from nanoseconds to 
hours. The biological applicability of the used ensemble and single-molecule techniques is 
substantiated by the big diversity of biological systems and conditions comprising DNA 
constructs, ultrafast, fast and slow folding proteins in aqueous, membrane-mimetic and 
denaturing environments.  
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5.1 Sub-Microseconds – Peptide Chain Dynamics 
 
Figure 5.1 – Peptide Chain Dynamics. Identification and quantification of the ultrafast 
reconfiguration dynamics of the unfolded peptide chain of 3D at denaturing condition of 5 M 
GdnHCl. (A) Molecular conformations of 3D monitored by single-molecule FRET. The protein was 
labeled at residues 19 and 74 with donor (ATTO532, green) and acceptor (ATTO647N, red), 
respectively (PDB 2A3D). The inter-dye distance in the folded and unfolded states of 3D result in 
high FRET (E ≈ 0.9) and low FRET (E ≈ 0.3) efficiency, respectively. (B) Schematic of the one-
dimensional energy landscape of the two state protein. Ultrafast reconfiguration dynamics of the 
disordered peptide chain, typically on the timescale of 10 to 200 ns, originate from closely related tier-
2 states, which are separated by energy barriers much smaller than 1 kBT.  
Proteins consist of a linear chain of amino acids, which folds into a 3D structure by itself. 
A Gaussian chain based on an equally segmented random coil (Figure 5.1A) can 
approximate the initial unfolded conformations. Fluctuations in the distance between two 
segments of such a disordered polypeptide chain show a characteristic timescale, which is 
referred to in literature as the reconfiguration time r. The fluctuations originate from 
closely related conformations (tier-2 states) separated by energy barriers much smaller than 
1 kBT (Figure 5.1B) and occur typically on the order of 10 to 200 ns. In a simplified picture 
of Kramers’ theory the reconfiguration time is direct proportional to the inverse of the 
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‘attempt frequency’ (0  2r) and thus reports on the ‘speed limit’ of protein folding in 
the absence of an energy barrier [37]. Recent single-molecule studies have shown that the 
reconfiguration time determined by fluctuation correlation spectroscopy does not only 
depend on the collision of surrounding solvent molecules with the protein, but also to a 
certain extent on a contribution which is invariant on the solvent viscosity and originates 
most likely from interactions of parts of the peptide chain [38]. This combination of solvent 
and internal friction can be approximately described by [36]: 
 𝜏𝑟() =


0
𝜏𝑠(0) + 𝜏𝑖 (5.1) 
where s(0) denotes the part of the reconfiguration time corresponding to solvent friction 
at viscosity 0 of water and i the contribution of internal friction. 
The role of internal friction in protein folding at the ‘speed limit’ is of great interest to gain 
a better understanding of the fine structure of the energy landscape in which a disordered 
peptide chain diffusively finds it functional state. In this section I focus on the 
reconfiguration time of the ultrafast folding (f = 3.2 µs) three-helix bundle protein 3D 
[71], [137]. 
The de novo designed protein 3D was produced as described by Zhu et al. (Appendix, 
chapter 7.2) and equipped with a donor (ATTO532) and acceptor fluorophore 
(ATTO647N) at Cys residues introduced on position 19 and the C-terminus of the protein 
(Figure 5.1A). Freely diffusing measurements were performed in TAE buffer at pH 8.3 
(40 mM Tris-HCl (Carl Roth), 20 mM acetic acid (Carl Roth), 1 mM EDTA (AMRESCO) 
and 10 mM MgCl2 (Carl Roth)). 
5.1.1 Identification of Peptide Chain Dynamics 
A first set of single-molecule FRET experiments at low 3D concentration (~10 pM) at 
native and denaturing condition (TAE + 5 M GdnHCl) were employed to assess the folded 
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and unfolded state of the protein. The acquired photon streams were analyzed by a custom 
written Matlab script (chapter 4.7). Fluorescence bursts of single molecules were identified 
having a total number of photons bigger than 100 and a minimal inter-photon time smaller 
than 0.03 ms. After the calculation of the stoichiometry and FRET efficiency for every 
molecule using the correction factors for direct excitation, spectral crosstalk and difference 
in  detection efficiency (=0.0621, =0.0275 and =0.8209. The ALEX-2CDE brightness 
filter was then used as described by Tomov et al. to separate the donor and acceptor only 
molecules from those having both fluorophores active [55]. Only bursts having an ALEX-
2CDE score smaller than 7 were selected for further analysis. 
 
Figure 5.2 - Identification of peptide chain dynamics. (A) FRET efficiency histograms of 3D at 0 
and 5M GdnHCl showing the folded and unfolded population of 3D (B) 2D scatter plot of the 
correlation of relative donor lifetime (D(A)/D(0)) vs FRET efficiency (E). The black solid lines describe 
the theoretical relation of the intensity weighted average ratio (D(A)/D(0)) and the species weighted 
average FRET efficiency E for a static inter-dye distance, a static end-to-end distance with linker 
motion and a Gaussian chain (I, II and III). (C) Analysis of the fluorescence lifetime decay of donor 
photons from the unfolded state of 3D to identify the underlying distance distribution. The histogram 
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was reconvoluted by the IRF and three different model functions: mono-exponential decay (static inter-
dye distance) and multiple-exponential decays calculated from a normal distance distribution (linker 
motion) or from a distance distribution of a Gaussian chain. The upper panels show the corresponding 
weighted residuals of the fits including the reduced chi-square.  
Figure 5.2A shows two FRET efficiency histograms of 3D for native and denaturing 
conditions. Without GdnHCl the protein is in its native folded conformation leading to a 
peak at average FRET efficiency around E = 0.942 ± 0.005 (black cityscape). By adding 
5M GdnHCl to the buffer the population shifts to a single low FRET efficiencies at 
E = 0.281 ± 0.006 indicating that all molecules are populated in the unfolded state (blue 
bars). In Figure 5.2B the distance information of the FRET efficiency is expanded by the 
complementary fluorescence lifetime of the donor. In the case of a static inter-dye distance 
the FRET efficiency E and the donor lifetime D(A) are related by equation E = 1-D(A)/D(0), 
where, D(0) is the fluorescence lifetime of the donor in absence of the acceptor. However, 
the centre of the FRET population of the unfolded state is clearly displaced from the static 
FRET line (solid line I; D(0) = (3.21 ± 0.01) ns), indicating ultrafast dynamics on the 
(sub)microsecond timescale [26]. Two possible origins of the ultrafast dynamics could be 
imagine: a) motions of the fluorophore linkers at fixed inter-dye distance or b) 
reconfiguration dynamics of the peptide chain. The first can be approximated by a normal 
distribution of the donor and acceptor distance. For the latter the probability density 
function pequ(r) of the end-to-end distance r of an ideal Gaussian chain can be used:  
 
𝑝𝑒𝑞𝑢(𝑟) = 4𝜋𝑟
2 (
3
2𝜋〈𝑅2〉
)
3/2
exp(−
3𝑟2
2〈𝑅2〉
) (5.2) 
here, R2 denotes the mean square end-to-end distance of the polypeptide chain [100]. 
Corresponding intensity and species weighted average fluorescence lifetimes were then 
calculated as described by Kalinin et al. [138]. Both curves are plotted in Figure 5.2B (solid 
lines; II: Linker motion; III: Gaussian chain). However, the theoretical models do not fit 
the observed data. In order to investigate further the underlying distance distribution, the 
fluorescence lifetime decay of the donor photons has been analyzed. To this end, the delay 
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times of all donor photons of the unfolded FRET population were collected in a microtime 
histogram, see Figure 5.2C (blue squares). Subsequently, the decay curve was fitted by a 
reconvolution of the respective model function and the IRF. The weighted residuals of the 
fit results are shown in the upper panels of Figure 5.2C. Here, it revealed that the Gaussian 
chain model performed best with a reduced chi-square of r2 = 1.32 and a mean square 
donor-to-acceptor distance of RDA2 = (43.8 ± 0.9) nm. 
5.1.2 Quantification of Peptide Chain Dynamics 
To gain the reconfiguration time of the long-range peptide chain dynamics an nsFCS 
measurement of 12 hours was conducted using a sample concentration of ~1 nM.  
 
Figure 5.3 - Quantification of peptide chain dynamics. (A) Total and (B) nanosecond cross-
correlation functions GDA (black dotted line) of the donor-acceptor labeled 3D (1nM) under 
denaturing conditions (5M GdnHCl). The curves exhibit a characteristic anticorrelated behaviour on 
the 100 ns timescale, as expected for distance dynamics of a typical unfolded peptide chain. Note the 
additional faster anticorrelated drop in the low nanosecond range caused by photon antibunching is 
unrelated to chain dynamics. A global fit (orange) based on a model (Eq. 4.12) assuming one diffusion 
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(τD), two triplet states (τT1, τT2), one chain dynamics (τCD) and one photon antibunching (τAB) component 
yielded a characteristic time for chain dynamic of τCD=42 ns. (C) Amplitudes, c, and characteristic 
times, τ, of all fitted components along the nsFCS accessible timescales.  
The total and nanosecond donor/acceptor cross-correlation functions GDA were derived 
from the photon stream using the software correlator provided in the SymphoTime64 
(PicoQuant) package. The results are shown in Figure 5.3A and B (dotted lines). Note that 
(B) represents the backward and forward inter-photon time correlation of the first 700 ns 
of the time binned total correlation curve in (A). As described in chapter 4.5, the shape of 
the GDA curve exhibits four characteristic terms consisting of the correlations of the lateral 
diffusion time through the confocal volume D, the characteristic times of triplet blinking 
T1,2, the relaxation time of the peptide chain dynamics CD and the antibunching time AB. 
A global fit applied to both correlation curves using Equ. 4.12 yielded the following values: 
D = 1.95 ms, T1 = 2.4 µs, T2 = 402 µs, AB = 3.6 ns and CD = 42 ns. The derived 
correlation amplitudes and characteristic times are depicted in Figure 5.3C. 
The relation between the relaxation time of the chain dynamics CD and the reconfiguration 
time of the peptide chain strongly depends on the Förster radius R0 of the FRET dye-pair 
and the root of the mean square inter-dye distance √〈𝑅𝐷𝐴
2〉. Gopich et al. introduced a 
method, which allows the analytical calculation of the reconfiguration time from CD using 
a model of a Gaussian chain in the presence of a potential of mean force [139]. Following 
the procedure, a reconfiguration time of r = 49 ns was yielded. 
5.1.3 Discussion 
Chain dynamics of unfolded peptide chains can be identified by fluorescence lifetime 
analysis. The characteristic relaxation time of these chain dynamics can then be quantified 
using nanosecond fluorescence correlation spectroscopy (nsFCS). The unfolded population 
of the ultrafast folding protein 3D at 5 M GdnHCl showed a reconfiguration time of 
r = 49 ns. This is in good agreement with the reconfiguration time of other three-helix 
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bundle proteins like, e.g., spectrin R15 and R17, characterized by Borgia et al, showing a 
reconfiguration time of r  69 ns at denaturing condition of 5 M GdnHCl [38]. 
Furthermore, they could demonstrate that the reconfiguration time increases with 
decreasing GdnHCl concentration due to a compact unfolded state with higher contribution 
of internal friction. A series of different denaturing conditions might shed light on the 
contributions of the internal and solvent friction of 3D.  
Under the common assumption of a similar curvature and diffusion time in the unfolded 
well and at the top of the energy barrier the reconfiguration time can be used to determine 
the minimum time of protein folding in the absence of an energy barrier [37]:  
 𝜏0 ≈ 2𝜋 ∙ 𝜏𝑟 (5.3) 
This leads to an inverse of the attempt frequency of 0 = 0.31 µs which is in the range of 
the theoretical prediction (~N/100 µs) of the ‘speed limit’ of theo = 0.56 µs for a 56 amino 
acid long peptide chain of a single-domain protein [137].  
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5.2 Microseconds – Dynamics of Barrier Crossing 
 
Figure 5.4 – Dynamics of barrier crossing. (A) The interconverting open and closed conformation 
of the DNA hairpin hpT21-5. In order to monitor the conformational state ATTO647N (red) was 
conjugated to the 5’-end of the top strand, via terminal labeling, and ATTO532 (green) was labeled at 
position 26 of the bottom strand to the dTC6 base. In the open conformation the distance between 
donor and acceptor result in a low efficiency of energy transfer (low FRET), in the closed conformation 
the decreased distance between donor and acceptor lead to a high efficiency of energy transfer (high 
FRET). (B) One dimensional energy landscape of the two state system in (A). The open and closed 
conformations are separated by an energy barrier of height Gf*. While the folding time f (white), 
largely depends on the height of the energy barrier, the transition-path time tTP (blue), the time a 
molecule needs to diffusively overcome the barrier top (qL  qR), is insensitive on Gf*. Both 
characteristic times are indirect proportional on the curvature * and diffusion time D* at the barrier 
top. In the case of the folding time, the curvature of the folding well u and the barrier top * contribute 
equally . 
In the previous section I shed light on the reconfiguration time of the unfolded state of a 
peptide chain, and thereby on the related ‘attempt frequency’ in which a molecule samples 
its conformational space [36]. For ideal downhill folding proteins, the inverse of the 
‘attempt frequency’ 1/k0 = 0 corresponds to its folding time. However, most molecules 
have to overcome a significant barrier of several kBT while changing their conformation 
(Figure 5.4B). In this case, the height of the energy barrier Gf* dominates the folding time 
of the peptide chain as given by an approximation by Kramers [140]: 
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𝜏𝑓 =
2𝜋
𝛽𝐷∗√𝑢∗
exp(𝛽∆𝐺𝑓
∗) = 𝜏0 ∙ exp(𝛽∆𝐺𝑓
∗) (5.4)  
Here, D* and * are the diffusion time and the curvature at the barrier top, respectively, u 
is the curvature of the unfolded well and kBT. An opportunity to gain information 
about the main components 0 and Gf* of Equ. 5.4 is to explore the transition-path time 
tTP, the time a molecule needs to overcome the barrier top by diffusing from reaction 
coordinate qL to qR (Figure 5.4). Based on the assumption of an energy 
barrierGf* >> 1 kBT, and a quadratic potential at the barrier top the average transition-
path time is given by [141]:  
 
𝑡𝑇𝑃 =
1
𝛽𝐷∗∗
ln(2𝑒𝛾𝛽∆𝐺𝑓
∗) (5.5) 
where  is Euler’s constant of   0.577. Note that tTP is insensitive to the height of the 
energy barrier and equal for folding and unfolding transitions [142].  
The objective of this section is to demonstrate the workflow of the maximum likelihood 
estimator (MLE) based transition-path time extraction. To this end, a DNA hairpin (hpT21-
5) was designed with a T21 loop region and a 5 bp proximal stem containing GC content 
of 40% (Figure 5.4A). The sequence of the proximal stem and the length of the loop were 
chosen such that the opening and closing kinetics are on the millisecond time-regime [39], 
[52], [53], [55], [56]. Fluorescently labeled and HPLC-purified DNA single strands were 
obtained from IBA (Göttingen, Germany) modified with the corresponding N-
hydroxysuccinimidyl ester (NHS) donor and acceptor fluorophore derivatives of ATTO532 
and ATTO647N (ATTO-TEC, Siegen, Germany). The donor fluorophore was attached to 
the distal stem via base labeling (position 26). The acceptor was conjugated with NHS-
chemistry to the thymidine on the 5'-end of the top strand via terminal labeling (Top strand: 
5'-ATTO647N-TGGTT-(T)21-
AACCATTCTTCACAAACCAGTCCAAACTATCACAAACTTA-3'; Bottom strand: 5'-
TAAGTTTGTGATAGTTTGGACTGGT dTC6-NH-(ATTO532)-TGTG-3'). Thus, in the 
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closed conformation of the DNA hairpin, the distance of donor and acceptor result in a high 
efficiency of energy transfer, in the open conformation the increased distance between 
donor and acceptor lead to a low efficiency of energy transfer. 
 
5.2.1 Maximum Likelihood Estimation of the Transition-Path Time 
The duration of the transition-path time can be investigated by a virtual intermediate state, 
which is inserted in the folding reaction [143]: 
 
𝑈  
   𝑘
𝑓′
→   
   𝑘𝑠   
←     𝑆  
  𝑘
𝑢′
←     
  𝑘𝑠   
→    𝐹 (5.6) 
The intermediate state S is defined as the transition state at reaction coordinate 
qS = (qU + qF)/2 with equal rates k(SU) = k(SF) = ks. The corresponding two-state and 
three-state rate matrix K2 and K3, have the following form: 
 
𝑲𝟐 = (
−𝑘𝑓 𝑘𝑢
𝑘𝑓 −𝑘𝑢
)        &       𝑲𝟑 = (
−𝑘𝑓′ 𝑘𝑠 0
𝑘𝑓′ −2𝑘𝑠 𝑘𝑢′
0 𝑘𝑠 −𝑘𝑢′
) (5.7) 
where the diagonal entries are given by Kmm = -lm k(ml) and the non-diagonal entries 
are Kml = k(lm). This implies that the transition-path time, which is approximately the 
dwell time of state S, is related to rate ks by tTP  1/(2ks). However, the typically rapid 
transition-path time of tTP ~10 µs and a limited molecular brightness makes it difficult to 
obtain ks from fluorescence data. Gopich and Szabo found a way to overcome this problem 
by a specially designed maximum likelihood function, which together with Equ. 5.6 allows 
the validation of ks by the colour patterns of single-molecule photon time traces [144]. 
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Figure 5.5 – Maximum likelihood analysis of photon traces. (A) Photon time trace of the donor 
(green) and acceptor (red) photons after donor excitation, where i is the inter-photon time between the 
(i-1)-th and i-th photon. (B) Analyzed curves of the difference of the log-likelihood function lnL for 
an underlying transition-path time tTP of 0.5 µs and 5 µs; grey and black dotted line, respectively. The 
functions were derived from sets of 500 simulated folding transitions, each 150 µs long with a 
molecular brightness of Br = 600 kHz and a FRET contrast of Ef - Eu = 0.6. For a transition-path time 
bigger than the inverse of Br a significant peak with an amplitude bigger than 3 shows up at tTP.  
The likelihood function of the j-th molecule trace has the following form [145]:  
 
𝐿𝑗 = ⃑ 𝑓𝑖𝑛
𝑇
∏[𝑭(𝑐𝑖) exp(𝑲𝜏𝑖)]𝑭(𝑐1)
2
𝑖=𝑁
⃑ 𝑖𝑛𝑖 (5.8) 
Here, ini = (1, 0, 0) and fini = (0, 0, 1) are the initial and final state vectors for a folding 
transition, ci is the colour (donor or acceptor) of the i-th photon, K is the corresponding rate 
matrix K3 of Equ. 5.7 and i is the inter-photon time between the (i-1)th and ith photon 
(Figure 5.5A). The colour dependent matrix F is defined by F(donor) = I-E and 
F(acceptor) = E, where I is the identity matrix and E is the diagonal FRET matrix with 
trace (Eu, (Eu+Ef)/2, Ef). It is important to note that the calculation in Equ. 5.8 is made in 
reverse order of photon appearance. The reliability of the assumed model is rigorously 
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tested by the difference of the log-likelihood function, between the two-state model with a 
finite transition-path time and a two-state model with instantaneous jump [143]: 
 ∆ ln 𝐿𝑗 = ln 𝐿𝑗(𝜏𝑠) − ln 𝐿𝑗(0) (5.9) 
Whereas, the total difference of the log-likelihood function lnL of a set of molecules 
results from the sum of all individual functions lnLj. Two possible examples of log-
likelihood functions lnL are shown in Figure 5.5B. The functions were derived from sets 
of 500 simulated folding transitions, each 150 µs long with a molecular brightness of 
Br = 600 kHz and a FRET contrast of Ef - Eu = 0.6 using a transition-path time of 0.5 µs 
and 5 µs (grey and black dotted line, respectively). The two amplitudes {-3; 3} correspond 
to the 95% confidence interval and are calculated from L(0) / (L(s) + L(0)) = 0.95 and 
L(s) / (L(s) + L(0)) = 0.95 [146]. While a value lnL > 0 already indicates that the three-
state model is more likely than the two-state model, a peak with amplitude bigger than 3 
substantiates the presence of a significant transition-path time with tTP  (s)max. 
5.2.2 Quantification of the Upper Bound of the Transition-Path Time 
In order to investigate the transition-path time of the hairpin hpT21-5, freely diffusing 
single-molecule FRET measurements were performed in 20 mM Tris-HCl (pH 8.0, Carl 
Roth) buffer, containing 250 µM EDTA (AMRESCO) and 175 mM NaCl (Carl Roth) at a 
temperature of T  24°C. In a first experiment, the sample was excited with moderate laser 
conditions with a total repetition rate of r = 50 MHz and a laser power of PG = 110 µW 
for the green laser and PR = 90 µW for the red laser measured before the objective. Figure 
5.6A shows the corresponding 2D scatter plot of the correlation of the donor lifetime ratio 
(D(A)/D(0)) vs FRET efficiency (E). As expected, two well-defined states representing the 
open and closed state of the DNA hairpin were measured (static FRET line). FRET events 
between the folded and unfolded peak do not represent a third static species, but can be 
identified by a dynamic fit to be molecules changing their conformation during the 
diffusion through the confocal volume. The corresponding FRET efficiency histogram was 
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used to determine the interconversion dynamics of the folding and unfolding dynamics. 
This was achieved by a three-Gaussian (3G) approximation as explained in more detail in 
the next section [25], [26], [147]. The fit revealed a unfolded state at FRET efficiency 
Eapp,u = 0.171 ± 0.004 with folding rate kf = (0.91 ± 0.02) ms-1 and a folded state at FRET 
efficiency Eapp,f = 0.806 ± 0.002 with unfolding rate ku = (0.35 ± 0.02) ms-1. 
 
 
Figure 5.6 - Determination of the upper bound of dynamics of barrier crossing. (A) 2D scatter 
plot of the correlation of the relative fluorescence lifetime of the donor (D(A)/D(0)) vs FRET efficiency 
(E) of the DNA hairpin hpT21-5. The displaced stream between the two static FRET states originates 
from molecules, which undergo inter-conversion dynamics while diffusing through the confocal 
volume. The theoretical static and dynamic FRET curves are shown (black solid and dashed, 
respectively). (B) Representative photon time trace of a folding transition (lower panel) with an average 
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molecular brightness of 750 kHz derived from a molecule of the intermediate FRET region in (A). The 
blue curve depicts the molecular state, which was calculated by a two-state MLE using the Viterbi path 
algorithm [24]. The apparent FRET efficiencies of the first and last third of the trace are plotted in the 
upper panel. The apparent stoichiometry values (blue) were calculated for every donor and acceptor 
photon after donor excitation from the corresponding fluorescence intensity values using a kernel 
density estimator (KDE, [55]). The grey and light blue areas depict the filter regions. (C) Difference 
of the log-likelihood function, between the two-state model with a finite transition-path time and a two-
state model with instantaneous jump derived from a MLE analysis of 520 molecules (green) [143]. The 
total log(L) of all molecules (dotted line) lacks of statistical significance due to limited molecular 
brightness, but reveals a upper bound of the transition-path time of tTP < (2.31 ± 0.03) µs which is in 
good agreement with previous studies of DNA hairpins (D). (D) Graph adopted from Truex et al. [148].  
To gain the maximum available photons per molecule, in a more extensive follow-up 
measurement the same experiment was repeated with increased laser excitation using 
r = 80 MHz, PG = 260 µW and PR = 225 µW. From the acquired photon stream only 
molecules with a stoichiometry value between 0.3 and 0.7 and an ALEX-2CDE score 
bigger than 7 were chosen for further analysis. Additionally, the FRET-2CDE estimator 
[55], which monitors underlying fluctuations of the FRET efficiency, was used to filter for 
bursts with a potential folding transition; only bursts with a FRET-2CDE score bigger than 
30 were selected. Subsequently, the photon time trajectories of the remaining molecules 
were analyzed with a two-state MLE to identify folding and unfolding transitions. For this 
purpose, the likelihood function of Equ. 5.8 was applied to the photon traces using the rate 
matrix K2 and the diagonal FRET matrix E with trace (Eu, Ef). The initial and final state 
vectors were substituted by the vector of equilibrium probability peq = (pu, pf) and the unit 
row vector 1 = (1, 1), respectively. With the help of the resulting Viterbi path 200 µs long 
regions of folding transitions were cut-out having an average molecular brightness Br 
bigger than 300 kHz ( Br = (NG+NR)/0.2 kHz) and an unfolding and folding state, each 
100 µs long. 
However, fluorescence correlation spectroscopy (FCS) measurements of ATTO532 and 
ATTO647N at varying laser power could show that an elevated laser excitation induces 
enhanced “triplet blinking” on the microsecond timescale. In single-molecule FRET, 
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acceptor blinking is indistinguishable from FRET fluctuations and thus has a big impact on 
the extraction of the transition-path time. Additional gaps in the photon time traces, caused 
by donor blinking, reduce the time resolution of the MLE. To avoid misinterpretation 
further filter criteria are indispensable. To this end, a maximal inter-photon time of the 
acceptor photons after acceptor excitation tITP,A0 and of the inter-photon time of donor and 
acceptor photons after donor excitation tITP, DA of 20 µs was claimed to discard transitions 
which are affected by donor and acceptor blinking. From the remaining transitions only 
those were chosen with an continuous apparent stoichiometry of 0.4 < Sapp < 0.8 and an 
average apparent FRET efficiency of the unfolded and folded state of 0.09 < Eapp,u < 0.29 
and 0.75 < Eapp,f < 0.95, respectively. Figure 5.6B shows the photon time trace of a 
suitable folding transition (lower panel), where the blue curve depicts the molecular 
conformations of the underlying two-state model (Viterbi path). The average apparent 
FRET efficiency of the first and last third of the time trace Eapp,u = 0.167 and 
Eapp,f = 0.814 (black line), respectively, and the corresponding validity range (grey area) 
are plotted in the upper panel. The apparent stoichiometry values (blue, upper panel) were 
calculated for every donor and acceptor photon after donor excitation from the 
corresponding fluorescence intensity values using a kernel density estimator (KDE, [55]). 
Finally, the 520 suitable transitions, which satisfied all filter criteria, were analyzed with 
the three-state MLE of Equ. 5.8 as aforementioned. For this purpose, the extracted 
individual apparent FRET efficiencies Eapp,uj and Eapp,fj were used for matrix E to obtain 
the likelihood function Lj of the jth transition. A single folding transition was ensured by 
the reduced interconversion rates ku’ = ku/5000 and kf’ = kf/5000, where ku and kf are the 
rates derived from the first measurement [143]. The resulting differences of log-likelihood 
functions lnLj are shown in Figure 5.6C (green graphs) together with the total log-
likelihood function lnL of the measurement (black dotted line).  
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5.2.3 Discussion 
In fact, for all analyzed dwell times s an amplitude of lnL smaller than 3 was found. This 
does not imply that the three-state model describing the transition-path is not valid, but 
cannot be observed under the used measurement conditions. One reason is the average 
molecular brightness of the measurement, which was Br = (544 ± 122) kHz and leads to 
an average inter-photon time of tIPT, DA  1.8 µs. Transition-path times smaller than the 
tIPT, DA cannot be resolved from intensity-based analysis. However, an upper bound of the 
transition-path time of (2.31 ± 0.03) µs is derived from lnL = -3, which is in accordance 
with previous studies of DNA hairpins [42], [148]. In Figure 5.6D tTP of an riboswitch 
aptamer and two DNA hairpins with 9, 20 and 30bp stem length obtained by force 
spectroscopy (green circles, [42]) and the upper bound of a DNA hairpin with 4bp stem 
determined by single-molecule FRET (blue square, [148]) are plotted. The dashed and the 
solid line represent two different models describing the data as suggested by Neupane et al. 
(tTP ~ N) and Frederickx et al. (tTP ~ N), respectively [42], [149]. Our observation of a 
transition-path time smaller than 2.31 µs for a DNA hairpin with 5bp clearly supports the 
latter model. 
Furthermore, with the common assumption of an equal curvature of the energy barrier top 
and the folded well, * = u, a minimal height of the energy barrier Gf* > (5.41 ± 0.02) 
kBT and a maximal inverse ‘attempt frequency’ of 0 < (1.14 ± 0.02) µs can be extracted by 
Equ. 5.4 and 5.5 using the aforementioned folding time of f = 1/kf =1.099 ms. 
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5.3 Milliseconds – Fast Protein Folding Dynamics 
 
Figure 5.7 – Fast protein folding dynamics. (A) Two state interconversion dynamics of Mistic in 
12 mM DPC and 6 M Urea probed by single-molecule FRET. The protein was labeled at residues 30 
and 110 with acceptor (ATTO647N, red) and donor (ATTO532, green), respectively (PDB 1YGM). 
The inter-dye distance in the folded and unfolded states of Mistic result in high FRET (E ≈ 0.8) and 
low FRET (E ≈ 0.2), respectively. (B) One dimensional free-energy landscape of a two state folder. 
The ratio of the folding and unfolding time f and u, respectively, strongly depends on the difference 
in Gibbs free-energy G between the minima of the unfolded and folded well. (C) Chemical structure 
of the used zwitterionic detergent dodecylphosphocholine (DPC).  
The previous section has shown that ultrafast dynamics of barrier crossing (tTP) can be 
studied from the colour pattern of photon time traces with a specially designed maximum 
likelihood estimator by incorporating an on-path way intermediate state between the 
unfolded and folded conformation. Intriguingly, the transition-path time covers all 
microscopic information of the folding mechanism [143]. However, the characteristics of 
the energy landscape can only be disentangled with knowledge of the overall folding time 
f. The folding process is a global phenomenon and depends on the protein size, sequence 
and topology, as well as the environment of the protein. Folding reactions of proteins have 
been observed on time scales from microseconds to hours [24], [77], [79], [150]–[153]. The 
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following section describes a comprehensive workflow combining and comparing a set of 
independent and well-established analytical tools, which allow systematic and rigorous 
analysis of folding dynamics on the millisecond to sub-millisecond time scale. For this 
purpose, the highly dynamic membrane protein Mistic was utilized under membrane-
mimetic and denaturing conditions (Figure 5.7). 
To report on structural changes of Mistic while folding/unfolding into/out of detergent 
micelles, the protein was site-specifically labeled at residues 30 and 110 with acceptor 
(ATTO647N) and donor dye (ATTO532), respectively (Figure 5.7A). Freely diffusing 
single molecule measurements were performed in 50 mM Tris buffer containing 12 mM 
dodecylphosphocholine (DPC, Anatrace, Maumee, USA; Figure 5.7C), 6 M urea, and 
50 mM NaCl, pH 7.4. Multiple molecule detection was avoided by a much diluted protein 
concentration of about 5 pM. The temperature of the sample was held constant at 24 °C 
by objective cooling to avoid environmental effects on the folding kinetics of Mistic. 
Single-molecule events were identified from the acquired photon stream as fluorescence 
bursts with a maximum inter-photon time of 50 µs containing a minimum total number of 
100 photons after background correction and a Lee filter with a window size of four. To 
remove molecules affected by photobleaching, an asymmetric burst filter was applied, 
which discards all bursts with an absolute difference of the burst-averaged macroscopic 
photon arrival time measured in the acceptor channel after acceptor excitation and the burst-
averaged macroscopic photon arrival time measured in the donor and acceptor channel after 
donor excitation |TRR - TGR+GG| bigger than 50 µs [30]. From the remaining molecules, only 
those were selected for further analysis showing a stoichiometry value S between 0.25 and 
0.7. 
A corrected FRET efficiency histogram created from a large number of single-molecule 
events after removal of donor-only and acceptor-only events is shown in Figure 5.8A, 
where two main peaks are resolved: the peak at high FRET efficiency (Ef ≈ 0.8) 
corresponds to folded molecules, whereas the peak at low FRET efficiency (Eu ≈ 0.2) 
corresponds to unfolded molecules, in accordance with the expected distances between 
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donor and acceptor. For a two-state folder switching between the folded and unfolded state 
on a time scale much slower than the average observation time in the confocal volume 
(i.e., ⟨tD⟩ ≈ 2.4 ms), two static populations that are shot-noise-limited would be expected 
(Figure 5.8A, red cityscape). 
 
Figure 5.8 - Qualitative methods for the identification of millisecond dynamics. (A) Single-
molecule FRET efficiency histogram obtained from stoichiometry-filtered molecules. Peaks at high 
FRET (E ≈ 0.8) and low FRET (E ≈ 0.2) correspond to the folded and unfolded states of Mistic, 
respectively. Simulated static, shot-noise-limited populations are shown as red cityscapes. (B) Two-
dimensional scatter plot of relative donor fluorescence lifetimes (τD(A) / τD(0)) vs FRET efficiency (E). 
The static FRET line (black solid, with τD(0) = 3.52 ns) and the dynamic FRET line (red dashed, with 
Eu = 0.135, Ef = 0.873) describe molecules with fixed distances and changing conformations between 
folded and unfolded states within a burst, respectively. (C) Two-dimensional scatter plot of the 
burstwide standard deviation of FRET (sE) plotted vs apparent FRET efficiency. The black line 
represents the expected standard deviation (σSN) from a shot-noise-limited distribution of static 
molecules. Millisecond dynamics within bursts are above the 99.9% confidence interval (black 
dashed). (D) Two-dimensional scatter plot of FRET−2CDE vs E. Static FRET populations 
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(FRET−2CDE = 10, black line) and molecules with millisecond dynamics FRET−2CDE > 20 (black 
dashed).  
 
5.3.1 Correlation of the Relative Donor Lifetime (τD(A) / τD(0)) with 
FRET Efficiency (E) 
Correlation of (τD(A) / τD(0)) with E is a very powerful and simple tool to distinguish static 
from dynamic subpopulations on the millisecond to (sub)-microsecond time scale [100], 
[138], [141]. Here, τD(A) and τD(0) denote the fluorescence lifetimes of the donor in the 
presence and absence of acceptor, respectively. In a two-dimensional (2D) plot of 
(τD(A) / τD(0)) vs E, all FRET populations originating from molecules with a fixed interdye 
distance during diffusion through the confocal volume are located along a static FRET line 
(E = 1-(τD(A) / τD(0))), which represents the theoretical relationship between FRET 
efficiency and donor lifetime. To additionally account for motion of the dye linkers D(A) 
can be replaced by a third-order polynomial For example, for the dye pair ATTO532 and 
ATTO647N the static FRET line has the empirical form [30], [138]:  
 
𝐸(〈𝜏〉𝑓) = 1 −
−0.0421 + 0.5080 ∙ 𝜏𝐷(𝐴) + 0.2691 ∙ 𝜏𝐷(𝐴)
2 − 0.03589 ∙ 𝜏𝐷(𝐴)
3
𝜏𝐷(0)
 (5.10) 
FRET efficiencies originating from dynamics on the millisecond to (sub)-microsecond time 
scale deviate from the static FRET line. In particular, molecules interconverting between 
their respective states on the millisecond time scale are confined to a curved dynamic FRET 
line connecting the populations according to [31]:  
 𝐸(〈𝜏〉𝑓) = 1 −
𝜏1𝜏2
𝜏𝐷(0)(𝜏1 + 𝜏2 − 〈𝜏〉𝑓)
 (5.11) 
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where 1 and 2 are the fluorescence lifetime of the donor in state 1 and 2, respectively, and 
f is the observed burst averaged fluorescence lifetime of the donor satisfying 1  f  
2. 
Visual inspection of the 2D scatter plot in Figure 5.8B for Mistic reveals two distinct 
FRET populations, which can be assigned to a folded-state population (Ef ≈ 0.8) which is 
slightly displaced from the static FRET line and the unfolded population located on the 
static FRET line (Eu ≈ 0.2). The additional, smeared, and broad population bridging the 
two FRET states, which is evident as a systematic deviation from the static FRET line, is 
well described by the theoretical dynamic FRET line Eq. 5.11, indicating a two-state 
dynamic inter-conversion with millisecond kinetics. Moreover, the displacement of the 
folded state indicates dynamics on the (sub)-microsecond timescale and suggests a 
malleable ensemble of folded-state conformations with fast dynamics which could 
originate from a rough energy well [141], [154]. 
5.3.2 Burst-Variance Analysis (BVA) 
This first identification of interconversion dynamics on the millisecond time scale was 
further substantiated by BVA [53]. The strength of BVA is its ability to discriminate 
multiple static states from interconverting dynamic states on the basis of FRET efficiency 
fluctuations. BVA detects dynamics by comparing the burstwide standard deviation (sE) of 
the apparent FRET efficiency E* from segments of n consecutive photons (Equ. 5.12) to 
that expected from theory for a photon distribution (σSN) based exclusively on shot noise. 
For a static molecule, FRET fluctuations are determined by shot noise, and the observed 
standard deviation of FRET efficiency matches the prediction from shot noise 
(σSN = √𝐸∗(1 − 𝐸∗)/𝑛 ), whereas molecules with dynamic fluctuations in the FRET 
efficiency are characterized by an increased standard deviation (sE > σSN).  
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𝑠𝐸 = √
1
𝑀
∑(𝜀𝑖 − 〈𝐸∗〉)2
𝑀
𝑖=1
 (5.12) 
Here E* is the average apparent FRET efficiency of the burst, i is the calculated FRET 
efficiency of the ith segment of n photons and M is the number of segments within the 
burst.  
As depicted in Figure 5.8C, BVA revealed a significant increase in sE at intermediate 
apparent FRET efficiencies above the 99.9% confidence interval, providing clear evidence 
for dynamics. In these bursts, molecules switch between their folded and unfolded 
conformations during the transit through the confocal volume. By contrast, Mistic 
molecules residing in either the folded or the unfolded state during the time spent in the 
confocal volume appeared static by BVA. The upper margin of the 99.9% confidence 
interval (Figure 5.8C, black dashed line) can be employed to discriminate static from 
dynamic molecules.  
5.3.3 FRET-Two-Channel Kernel-Based Density Distribution 
Estimator (FRET-2CDE) 
As a third approach to validate Mistic’s millisecond dynamics, the FRET−2CDE 
algorithm was used [55]. To this end, a score is calculated for each burst based on a kernel 
density estimator that estimates local photon densities in the donor and acceptor channel 
(Eqs. 5.13−5.15). The FRET–2CDE score was calculated from the photon arrival times 
t{D} and t{A} of the donor and the acceptor photons, respectively, by:  
 𝐹𝑅𝐸𝑇 − 2𝐶𝐷𝐸 (𝑡{𝐷}, 𝑡{𝐴}) = 110 − 100 ∙ [(𝐸)𝐷 + (1 − 𝐸)𝐴] (5.13) 
Here, (E)D corresponds to the average FRET efficiency of the burst determined by 
estimation of the photon densities with respect to the donor channel, whereas (1-E)A 
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corresponds to the average of the counter-probability of energy transfer obtained by 
estimation of the photon densities with respect to the acceptor channel:  
 
(𝐸)𝐷 =
1
𝑁𝐷
∑
𝐾𝐷𝐸𝐷𝑖
𝐴
𝐾𝐷𝐸𝐷𝑖
𝐴 + 𝑛𝑏𝐾𝐷𝐸𝐷𝑖
𝐷
𝑁𝐷
𝑖=1
 
(1 − 𝐸)𝐴 =
1
𝑁𝐴
∑
𝐾𝐷𝐸𝐴𝑗
𝐷
𝐾𝐷𝐸𝐴𝑗
𝐷 + 𝑛𝑏𝐾𝐷𝐸𝐴𝑗
𝐴
𝑁𝐴
𝑗=1
 
 
(5.14) 
where ND and NA denote the total numbers of donor and acceptor photons within the burst, 
respectively. (E)D and (1-E)A, in turn, are calculated by applying the kernel density 
estimator (KDE) to single photons Xi to estimate the local photon density either of the 
complementary channel Y, using 𝐾𝐷𝐸𝑋𝑖
𝑌 (𝑡𝑋𝑖 , 𝑡{𝑌}), or the own channel X, using 
𝑛𝑏𝐾𝐷𝐸𝑋𝑖
𝑋 (𝑡{𝑋}) (Eqs. 5.15). For burstwise analysis, a kernel width of = 45 µs was chosen.  
 
𝐾𝐷𝐸𝑋𝑖
𝑌 (𝑡𝑋𝑖 , 𝑡{𝑌}) =∑exp (−
|𝑡𝑋𝑖 − 𝑡𝑌𝑗|
𝜏
)
𝑁𝑌
𝑗=1
 
𝑛𝑏𝐾𝐷𝐸𝑋𝑖
𝑋 (𝑡{𝑋}) = (1 +
2
𝑁𝑋
) ∑ exp (−
|𝑡𝑋𝑖 − 𝑡𝑋𝑘|
𝜏
)
𝑁𝑋
𝑘=1,   𝑘≠𝑖
 
(5.15) 
This score reflects changes in the underlying FRET efficiency distributions along the 
burst. FRET−2CDE scores around 10 reflect static FRET bursts, whereas a significantly 
higher score indicates FRET efficiency fluctuations larger than expected from a static 
molecule and, thus, dynamic rearrangements. The FRET−2CDE value for each burst was 
calculated and the results were plotted as a FRET−2CDE vs E scatter plot (Figure 5.8D). 
Static burst molecules that do not exhibit large changes in FRET efficiency (FRET−2CDE 
< 20) can be easily separated from dynamic bursts with FRET efficiency changes during 
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the transit time (FRET−2CDE > 20). This arc-shaped distribution is typical of dynamically 
interconverting species with an interconversion rate on the order of the diffusion time [55]. 
After having identified two-state millisecond folding kinetics of Mistic in 12 mM DPC and 
6 M urea, a set of quantitative tools was applied to assess folding (kf) and unfolding (ku) 
transition rates assuming an underlying two-state equilibrium:  
 
𝐸𝑢  
   𝑘𝑢   
←    
   𝑘𝑓   
→     𝐸𝑓 (5.16) 
 
Figure 5.9 - Estimating millisecond dynamics with bin-time analysis (BTA). (A) Simulated FRET 
efficiency histograms of a two-state system in free diffusion with different conformational relaxation 
rates (k) (columns) and varying bin time (Tb) (rows). Histograms were obtained from simulations using 
the recoloring approach of experimental data with FRET−2CDE < 20 extracted parameters 𝐸𝑢
∗= 0.174 
and 𝐸𝑓
∗= 0.736 and fractional population of the unfolded state pu = 0.59. An oversampling factor of 5 
was used to gain sufficient statistics resulting in a total of 45.940, 43.785, 22.665, and 4130 molecules 
  
 
76 
for bin times of 0.5, 1, 2, and 4 ms, respectively. (B) Change in FRET efficiency distribution of Mistic 
with bin times varying from 0.5 to 4 ms (top to bottom).  
5.3.4 Estimation of the Conformational Relaxation Rate using Bin-Time 
Analysis 
As a first step, bin-time analysis (BTA) was used as a rapid approach to narrow down the 
time scale of millisecond conformational changes [24], [144], [155]. It is based on dividing 
photon bursts into bin times (Tb) of equal length and creating a series of histograms with 
various bin times. For a dynamic system interconverting between two states with a 
conformational relaxation rate k = kf + ku in the millisecond time regime, the shape of the 
FRET efficiency histogram is sensitive to Tb. Hence, BTA not only serves as a diagnostic 
tool to distinguish between static and dynamic systems but can be also used as an approach 
to obtain a rough estimate of rate constants. To estimate Mistic’s conformational relaxation 
rate, first a set of simulated FRET efficiency histograms was created with k ranging from 
1 to 4 ms−1 and Tb ranging from 0.5 to 4 ms. The folding and unfolding rate, kf = ff k and 
ku = fu k, respectively, were derived from the fractional populations (ff and fu) of the static 
FRET states (FRET−2CDE < 20) of the experimental data (Figure 5.9A, simulations). For 
slow conformational dynamics and short bin times (kTb < 1; e.g., k = 1 ms−1 and 
Tb = 0.5 ms), the FRET efficiency histogram shows two peaks centered on the efficiencies 
of the states with normalized amplitudes of the fractional populations determined by the 
equilibrium constant. Hence, quasi-static populations will be identified because each 
molecule is captured in the same state per bin. As the relaxation time increases and the time 
scales of dynamics approach Tb (kTb ≈ 1; e.g., k = 2 ms−1 and Tb = 1 ms), a new peak 
located at approximately the mean FRET efficiency appears, while the two quasi-static 
populations remain with decreased amplitudes. The population bridging the two peaks 
arises from molecules displaying dynamic averaging due to several conformational changes 
within a bin time. For even longer bin times (kTb > 1; e.g., k = 4 ms−1, Tb = 4 ms), 
molecules undergo many conformational changes during the observation time, and the 
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histogram, hence, will evolve into a single peak at an average FRET efficiency representing 
a dynamically averaged FRET population.  
A set of BTA histograms constructed from the experimental data on Mistic with Tb ranging 
from 0.5 to 4 ms (Figure 5.9B, data) revealed two well-defined peaks with the build-up of 
FRET efficiencies at values intermediate between those of the folded and unfolded 
subpopulations as Tb increases. Visual comparison with simulated FRET efficiency 
histograms indicates a dynamic process occurring with a relaxation rate k in the range of 
1 – 2 ms−1. 
5.3.5 Extracting Folding Kinetics using the Three-Gaussian (3G) 
Approximation 
A recently developed analytical model of three coupled Gaussian distributions can further 
quantify folding and unfolding rates of Mistic. 
The three-Gaussian (3G) approximation described by Gopich and Szabo to extract kinetic 
rates for a two-state system from FRET efficiency histograms (FEHs) is expressed as the 
sum of three coupled Gaussian distributions [147], [24]:  
 
𝐹𝐸𝐻(𝐸) ≈ 𝐴∑
𝑐𝑖
√2𝜋𝜎𝑖
exp(−
(𝐸 − 𝜀𝑖)
2𝜎𝑖2
)
2
𝑖=0
 (5.17) 
The two Gaussians with subscripts i = 1 or 2 represent the folded and unfolded states, while 
another Gaussian with i = 0 describes molecules that appear at FRET efficiencies between 
the two states and undergo conformational changes. A is the area of the histogram. 1 and 
2 denote the FRET efficiencies of the folded and unfolded state, respectively, while the 
remaining parameters (c0, ci, i2 and 02) describe the relative amplitudes and the variance 
of the distributions and are functions of 1 and 2 and the folding and unfolding rates k1 and 
k2. These parameters are given by the following expressions:  
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𝑐𝑖 = 𝑝𝑖 exp(−𝑘𝑖𝑇𝑏)            𝑖 = 1,2 
𝑐0 = 1 − 𝑐1 − 𝑐2 
𝜎𝑖
2 = 𝜀𝑖(1 − 𝜀𝑖)〈𝑁
−1〉            𝑖 = 1,2 
𝑐0𝜀0 =∑(𝑝𝑖 − 𝑐𝑖)𝜀𝑖
2
𝑖=1
 
𝑐0𝜎0
2 = 〈𝜀〉𝑒𝑞(1 − 〈𝜀〉𝑒𝑞)〈𝑁
−1〉 + 
+2𝑝1𝑝2(𝜀2 − 𝜀1)
2(𝑘𝑇𝑏 + 𝑒
−𝑘𝑇𝑏 − 1)(1 − 〈𝑁−1〉) (𝑘𝑇𝑏)
2 ⁄ + 
+〈𝜀〉𝑒𝑞
2
−∑𝑐𝑖
2
𝑖=0
𝜀𝑖 −∑𝑐𝑖
2
𝑖=1
𝜎0
2 
(5.18) 
where pi is the equilibrium population of each state, 〈〉eq = p1 1 + p2 2 is the equilibrium 
average of the FRET efficiency, 〈N-1〉 is the average of the inverse of the total number of 
photons, Tb is the bin time, and k = k1 + k2 is the relaxation rate. The parameter 1, 2, k1, 
and k2 were freely varied during optimization. Although 〈N-1〉 can be derived from the 
measured data, it has been treated as ordinary fitting parameter to account for additional 
widths in excess of shot-noise broadening primarily due to brightness variations of the 
acceptor. 
The FRET states and the conversion rates were obtained from a single fit with bin time 
Tb = 1.5 ms. The best-fit values are 𝐸𝑢
∗  = 0.183 ± 0.008, 𝐸𝑓
∗ = 0.755 ± 0.012, 
kf = (0.42 ± 0.05) ms−1, and ku = (0.56 ± 0.07) ms−1 (Table 5.1). A low chi-square value 
reflects good agreement of the 3G fits with experimental data and the underlying two-state 
model. Furthermore, to minimize the influence of the bin time, a global 3G fit was applied 
to a set of three histograms with various bin times (Tb = 1, 2 and 4 ms), yielding 
𝐸𝑢
∗  = 0.179 ± 0.005, 𝐸𝑓
∗ = 0.755 ± 0.008, kf = (0.46 ± 0.04) ms−1, and 
ku = (0.57 ± 0.05) ms−1 (Figure 5.10A and Table 5.1). These values are in good agreement 
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with those determined from the single fit, indicating bin-time independency of rates. 
Notably, overall relaxation rates extracted from the 3G fitting (k  1 ms−1) fall within the 
range of the overall relaxation rate estimated by BTA (k  1−2 ms−1), giving a consistent 
picture of the extracted rates. 
 
Figure 5.10 - Quantitative methods for millisecond dynamics. using the three-Gaussian (3G) 
approximation, dynamic probability distribution analysis (PDA), and maximum-likelihood estimator 
(MLE). (A) Global two-state 3G fit (red line) to a set of FRET efficiency histograms with bin times Tb 
= {1,2,4} ms. Gaussian distributions underlying the 3G fit (white dashed lines) represent the folded 
state (right), the unfolded state (left), and molecules undergoing conformational exchange (center). (B) 
Two-state dynamic PDA fit (red cityscape) to a set of FRET efficiency histograms with bin times Tb = 
{1,2,4} ms. (C) Top: photon time trajectory of donor (green) and acceptor (red) fluorescence. The state 
trajectory (black line) shows folding and unfolding transitions as obtained from the MLE for this 
individual photon trajectory of a two-state system using the Viterbi path algorithm [24]. Bottom: 
landscape of the total negative log-likelihood function of all trajectories (−Σj log(Lj)) for folding kf and 
unfolding rates ku. The set of kinetic rates at the global minimum corresponds to the values that 
maximize the likelihood function.  
5.3.6 Dynamic Probability Distribution Analysis (dPDA) 
Another method to quantify millisecond kinetics constitutes dPDA, which remodels the 
experimental apparent FRET distribution to retrieve interconversion rates (kf, ku) between 
and apparent FRET efficiencies (Ef*, Eu*) of underlying folded and unfolded states [52], 
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[156], [26]. A Monte Carlo (MC) simulation-based two-state dPDA algorithm was 
employed to fit the shape of the experimental apparent FRET efficiency histogram with a 
theoretical FRET efficiency histogram incorporating quasi-static Gaussian distance 
distributions for folded and unfolded FRET states that account for additional widths in 
excess of shot-noise broadening originating from brightness variations of the acceptor [56], 
[157]–[159]. 
During chi-square optimization, for each set of fit parameters {kf, ku, Ef*, Eu*} a theoretical 
FRET efficiency histogram was obtained from MC simulations and compared to the 
experimental apparent FRET efficiency histogram. The experimental apparent FRET 
efficiency histogram employed in dPDA fitting was collected from time bins of length Tb, 
which were cut from the centre of fluorescence bursts with burst durations longer than Tb. 
To implement the two-state dPDA algorithm, a dwell-time distribution of times spent in 
the folded and unfolded states was generated by drawing state trajectories of length Tb from 
the probability distributions kf,u exp(−kf,u t). The sum of the obtained dwell times of the 
unfolded state within a burst, tu, was used to determine the number of fluorescence photons 
in the folded ff and unfolded fu states, respectively, from the binomial distribution:  
 
𝑃(𝑓𝑢|𝑝𝑢, 𝐹) = (
𝐹
𝑓𝑢
) 𝑝𝑢
𝑓𝑢(1 − 𝑝𝑢)
𝐹−𝑓𝑢  (5.19) 
considering the unfolded-state probability pu = tu/( tu +b(Tb− tu)) with brightness ratio b and 
the background corrected total number of fluorescence photons F; ff was calculated from 
the difference F−fu. The number of acceptor photons af and au emitted in each state was 
drawn from the binomial distribution:  
 
𝑃(𝑎𝑓,𝑢|𝑓𝑓,𝑢, 𝐸𝑓,𝑢
∗ ) = (
𝑓𝑓,𝑢
𝑎𝑓,𝑢
)𝐸𝑓,𝑢
∗ 𝑎𝑓,𝑢(1 − 𝐸𝑓,𝑢
∗ )
𝑓𝑓,𝑢−𝑎𝑓,𝑢
 (5.20) 
Finally, the apparent FRET efficiency histogram of each optimization step was collected 
from the ratios (au + af)/F of all randomized molecules and averaged by K. 
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To account for additional widths in folded and unfolded states, Ef* and Eu* in Eq. 5.20 were 
“broadened” by burstwise drawing individual distances, Rf,u, for the respective folded and 
unfolded states from a Gaussian distribution probability function 
 
𝑃(𝑅𝑓,𝑢) =
1
√2𝜋𝜎𝑓,𝑢
exp(−
(𝑅𝑓,𝑢 − 〈𝑅𝑓,𝑢〉)
2𝜎𝑓,𝑢2
) (5.21) 
with Rf,u being the average inter-fluorophore distances as translated from the FRET 
efficiencies Ef* and Eu* using E = 1/(1+(Rf,u/R0)6), and f,u, describing the given widths of 
the distribution. 
Application of PDA yields an excellent reconstruction of the experimentally determined 
FRET efficiency histogram of Mistic, with 𝐸𝑢
∗  = 0.173 ± 0.004, 𝐸𝑓
∗ = 0.763 ± 0.002, 
kf = (0.47 ± 0.02) ms−1, and ku = (0.59 ± 0.02) ms−1. Again, a low residual for the single bin 
time Tb = 1.5 ms attests to the good agreement of the kinetic model with the measured. 
Additionally, a global PDA fit was applied using a set of three bin times (Tb = 1, 2 and 4 
ms) to test bin-time independency of the fit results, yielding almost identical values within 
error (𝐸𝑢
∗  = 0.177 ± 0.001, 𝐸𝑓
∗ = 0.758 ± 0.002, kf = (0.46 ± 0.02) ms−1, and 
ku = (0.53 ± 0.02) ms−1) (Figure 5.10B and Table 5.1). The rates extracted from the 
dynamic PDA fit are in good accord with those from the 3G fit, and the overall relaxation 
rate (k ≈ 1 ms−1) agrees with the expected range estimated by BTA (k ≈ 1−2 ms−1). 
5.3.7 Folding and Unfolding Rate Estimation using a Maximum-
Likelihood Estimator 
A histogram-independent method for the extraction of folding and unfolding rates is the 
MLE developed by Gopich and Szabo [144], [160]. This method returns kinetic parameters 
inherent to a particular model (e.g., a two-state model) that can reproduce the observed 
photon trajectories (Eqs. 5.7 and 5.8). Essentially, all information about conformations and 
their transitions are encoded in the photon-color pattern of a TCSPC measurement. By 
maximizing the likelihood function obtained from the probability of the observed photon 
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colors and arrival times within a fluorescence burst, kinetic rates and, thereby, also the state 
trajectory of folded and unfolded segments can be obtained. Figure 5.10C (top) shows a 
representative photon trajectory of a single Mistic molecule diffusing through the confocal 
volume that contains several transitions between folded and unfolded states. The state 
trajectory (black line) illustrates the most probable conformational state within the burst 
analyzed with the MLE assuming a two-state model. To save computational time only kf 
and ku were varied during optimization. The apparent FRET efficiency of the folded and 
unfolded state were derived from Gaussian fits of bursts having a FRET-2CDE score 
smaller than 20 (Ef* = 0.736 and Eu* = 0.174). Subsequently, the log-likelihood functions 
for individual bursts were calculated, and the total negative log-likelihood function of all 
trajectories was obtained by summation (i.e., −Σj log(Lj)) over all trajectories (Figure 
5.10C, bottom), yielding a global minimum from which folding and unfolding rates were 
extracted as kf = (1.04 ± 0.66) ms−1 and ku = (1.44 ± 0.71) ms−1, respectively (Table 5.1).  
 Ef
∗ EU
∗  kf (ms-1) ku (ms-1) r
2 kf /ku k (ms-1) pf 
3Ga 0.755±0.013 0.183±0.008 0.42±0.05 0.56±0.07 4.9 0.76 0.98 0.43 
Global 
3Gb 
0.755±0.008 0.179±0.005 0.46±0.04 0.57±0.05 4.4 0.81 1.02 0.45 
PDAa 0.763±0.002 0.173±0.004 0.47±0.02 0.59±0.02 1.1 0.80 1.06 0.44 
Global 
PDAb 
0.758±0.002 0.177±0.001 0.46±0.02 0.53±0.02 2.2 0.87 0.99 0.46 
MLE 0.736c 0.174c 1.04±0.66 1.44±0.71 - 0.72 2.48 0.42 
Table 5.1 - Comparison of fit parameters obtained from three-Gaussian (3G) approximation, 
probability distribution analysis (PDA), and maximum likelihood estimator (MLE). The 
goodness of fit is expressed as reduced chi-square value χr2 of the histogram fit. Ef,u* are the uncorrected 
FRET efficiencies for the folded and unfolded state, kf,u are the folding and unfolding rates, k is the 
relaxation rate, and pf is the fraction of folded protein. a Single fit to a histogram with bin time Tb 
= 1.5 ms. b Simultaneous fit to a set of histograms with bin times Tb = {1, 2, and 4 ms}. c Fixed 
uncorrected FRET efficiency (E*) as obtained from FRET−2CDE < 20 filtering. 
5.3.8 Discussion 
Interestingly, the absolute values of the rates extracted from the MLE are significantly 
larger than those derived from the 3G and PDA fits. This raises questions about the origin 
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of this inconsistency. Methodologically, 3G and PDA are histogram-based approaches that 
analyse the intensity-calculated FRET histogram by considering photon statistics. MLE, by 
contrast, analyses transitions at the level of individual photon trajectories based on photon 
colours and arrival times. Therefore, the MLE is sensitive not only to changes in FRET on 
the millisecond time scale but also to photophysical phenomena or fast FRET fluctuations 
on the time scale of (sub)microseconds, for example, acceptor blinking or fast intrinsic 
protein dynamics [141], [154]. These fast dynamics are largely averaged out in the 
calculation of burst wise FRET efficiencies using 3G and PDA, making them insensitive 
to any additional fast processes besides millisecond kinetics. Anti-correlated FRET 
fluctuations induced by acceptor blinking can be largely ruled out as a source of higher 
rates from MLE, as only 0.25% of the time is spent in the dark state. Hence, in light of fast 
dynamics in the folded state detected from the correlation of (τD(A) / τD(0)) vs E, this suggests 
that the two-state millisecond folding kinetics extracted from MLE are influenced by the 
presence of fast protein kinetics in the folded state. Therefore, MLE overestimates the 
apparent transition rates, with large errors, pretending a more pronounced two-state 
dynamic behaviour than actually present. To account for fast kinetics in the folded state, an 
extended kinetic scheme could be envisioned if the exact nature of the folded-state 
dynamics was known. While MLE can be extended to account for three- and four-state 
systems ([141], [154]) it is not yet clear whether such kinetic schemes are warranted for 
describing Mistic’s folded-state dynamics or whether, instead, an ensemble of flexible 
folded-state structures reflecting a broadened energy landscape would better represent this 
state. 
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5.4 Milliseconds to Seconds – Stacking Dynamics of DNA 
 
Figure 5.11 – Stacking dynamics of DNA. (A) Interconversion dynamics of the four way Holliday 
junction (4WJ) in 20 mM Tris-HCl, 50 mM NaCl and 7.5 mM MgCl2. The two conformers (isoI and 
isoII) were monitored by single-molecule FRET. The 4WJ was terminal labeled with acceptor 
(ATTO647N, red) and donor (ATTO532, green) at the 5’-ends of the H and R strand  (main text), 
respectively. (B) Schematic of the one-dimensional energy landscape illustrating the difference in 
Gibbs free energy of the two molecular states. The relatively slow interconversion dynamic originates 
from a pronounced energy barrier separating conformation isoI and isoII.  
As discussed in the previous chapters, analytical tools like the 3G approximation, the 
dynamic PDA or the two state MLE enable the opportunity to investigate fast 
interconversion dynamics on the millisecond timescale, such as the folding and unfolding 
of the membrane-interacting protein Mistic. However, many biomolecules, like proteins 
and DNA change conformations on the order of tens of milliseconds [4], [56], [69], [161], 
[162]. The following section of the thesis describes methods for identification and 
quantification of conformational changes much slower than the diffusion time through the 
confocal volume. 
For this purpose, an immobile four way Holliday junction (4WJ) was utilized as a two state 
model system with interconversion dynamic between two conformers, isoI and isoII 
(Figure 5.11A). The frequency of the interconversion dynamic strongly depends on the 
concentration of divalent magnesium ions [69]. This effect was used to adjust the relaxation 
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time of the equilibrium of 4WJ to a theoretical timescale of 19 ms (Figure 5.15) exceeding 
the observation time of conventional confocal microscopes. 
To monitor the conformation of 4WJ the construct was terminal labeled with an acceptor 
and donor at the amino-C6-modified 5'-phosphate of the H and R strand, respectively. B 
strand: 5’-CCCAAGTTGAGCGCTTGCTAGGG-3’; H strand: 5’-ATTO647N-
CCCTAGCAAGCC GCTGCTACGGA-3’; R strand: 5’-ATTO532-TCCGTA 
GCAGCGCGAGCGGTGGG-3’; X strand: 5’-CCCACCGCTCGGCTCAACTTGGG-3’. 
Fluorescently labeled and HPLC-purified DNA single strands were obtained from IBA. 
A single-molecule FRET measurement of twelve hours was conducted in 20 mM Tris-HCl 
(pH 8.0, Carl Roth), 50 mM NaCl and 7.5 mM MgCl2 (Carl Roth) at a diluted sample 
concentration of 1 pM. Single-molecule events were identified from the acquired photon 
stream as fluorescence bursts with a maximum inter-photon time of 30 µs containing a 
minimum total number of 100 photons after background subtraction and a Lee filter with a 
window size of four. Only molecules with a stoichiometry in the range of 0.25 < S < 0.75 
were selected for further analysis. 
Figure 5.12A shows a typical time trace of the total fluorescence signal with a bin time of 
Tb = 1 ms. The black dots highlight identified fluorescence bursts of molecules crossing the 
confocal volume. Intriguingly, at a diluted sample concentration, where it is expected that 
bursts rarely appear, clusters with short inter-burst times were observed (dashed 
rectangles). These burst clusters originate most likely from molecules re-entering the 
confocal volume. The recurrence probability psame(), that two adjacent bursts with lag time 
 can be assigned to the same molecule, is according to psame()=11/g()  given by the 
auto-correlation of the burst arrival times [163]. The resulting auto-correlation function g() 
is empirically described by Equ. 5.23, commonly used in FCS. 
 
𝑔(𝜏) = 1 + 𝑛−1 (1 +
𝜏
𝜏𝐷
)
−3/2
 (5.23) 
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Figure 5.12 - Working principle of recurrence analysis of single particles (RASP) [163]. (A) 
Representative fluorescence time trace of freely diffusing double-labeled 4WJ molecules (~1 pM). The 
black dots highlight identified fluorescence bursts of molecules crossing the confocal volume. Burst 
clusters (dashed rectangles) originate most likely from molecules re-entering the confocal volume. (B) 
From the auto-correlation function g() of the burst arrival times (blue) the recurrence probability psame 
(orange) can be derived by psame() = 11g(). (C) RASP extends the observation time in freely 
diffusing experiments by correlating conformational snapshots of recurrent molecules . 
In Figure 5.12B the auto-correlation curve and the corresponding recurrence probability of 
the 4WJ measurement are plotted (blue and orange, respectively). Latter shows that burst 
with an inter-burst time less than 35 ms originate with 75 % chance from the same molecule 
re-entering the confocal volume. Hence, the large number of recurrent molecules can be 
employed to analyse the slow dynamics of 4WJ.  
Recurrence analysis of single particles (RASP), an approach published by Hoffmann et al. 
in 2011, extends the observation time of molecules in conventional confocal microscopes 
up to ~100 ms, by correlating the FRET efficiency of recurrent molecules (Figure 5.12C). 
This technique fills the temporal gap between freely diffusing and immobilized single-
molecule FRET spectroscopy. 
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5.4.1 Identification of Dynamics on the Recurrence Timescale 
Figure 5.13A shows the FRET efficiency histogram of all collected molecules. The 
histogram comprises two subpopulations centred at EI  0.1 and EII  0.45, which 
correspond to the isoI and isoII conformation of the DNA construct, respectively. The 
absence of a pronounced third population, bridging the two FRET states, already indicates 
an interconversion dynamic much slower than the average diffusion time of single 
molecules (tD = 1.37 ms). Furthermore, slow kinetics in the range of 1 to 50 ms can be 
identified by taking advantage of the extended observation time of recurrent molecules. To 
this end, the average FRET efficiencies Ei = (Ei+1+Ei)/2 and the lag times i = (ti+1ti) of 
adjacent molecules are calculated. The upper panel of Figure 5.13B shows a semi 
logarithmic histogram of the inter-burst times  of 4WJ with two remarkably good 
separated peaks exhibiting both recurrent and new arriving molecules at low and high inter-
burst times, respectively. The lower panel of Figure 5.13B presents the corresponding 2-D 
histogram of the correlation of E with . Recurrent molecules with static FRET should 
perfectly rebuild the FRET efficiency histogram of Figure 5.13A along the E axis. 
However, an intermediate population between FRET state I and II at low inter-burst times 
is observed (red dashed circle) indicating conformational changes at the recurrence 
timescale. An example of static FRET is shown in the appendix (chapter 7.3). 
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Figure 5.13 - Identification of dynamic on the recurrence timescale. (A) Energy transfer efficiency 
histogram of all recorded molecules of the four way Holliday junction 4WJ. The histogram shows two 
subpopulations centred at EI  0.1 and EII  0.45, which correspond to the isoI and isoII 
conformation of the DNA construct, respectively. (B) Correlation of the average FRET efficiency of 
adjacent molecules with their lag time. The semi logarithmic inter-burst time histogram (top) shows 
two good separated peaks exhibiting both recurrent and new arriving molecules at low and high inter-
burst times, respectively. The remarkably good separation can be used to identify interconversion 
dynamics on the recurrence time scale. For this purpose, the average FRET efficiency of neighbouring 
molecules is calculated and plotted against their inter-burst time. Recurrent molecules with static FRET 
should perfectly rebuild the FRET efficiency histogram of (A) along the y coordinate. An intermediate 
population between the FRET states I and II (red dashed circle) indicates conformational changes of 
recurrent molecules. 
 
5.4.2 Quantification of Dynamics on the Recurrence Timescale 
As a next step, interconversion rates of 4WJ were quantified using the histogram based 
RASP analysis as described by Hoffmann et al. [163]. For this purpose, recurrence 
histograms were built of molecules occurring in a certain recurrence time interval T after 
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a preceding burst with a FRET efficiency in the range of E. Figure 5.14A-C shows a series 
of three recurrence histograms (orange bars) with recurrence time interval T = (0, 10) ms, 
T = (10, 20) ms and T = (20, 30) ms, respectively, and with similar FRET efficiency 
range E = (0, 0.2). The total FRET efficiency histogram of all molecules is plotted as a 
reference (blue bars). It is worth to note, that this procedure equals an out of equilibrium 
experiment with synchronized molecules. Starting with an isoI population of almost 100% 
(Figure 5.14A), with elevating time intervals the fraction rapidly decreases to its 
equilibrium at  = 25 ms. Hence, a relaxation time in the range of 10 to 30 ms can be 
expected for the 4WJ dynamics. 
In a more systematic analysis, two series of recurrence histograms were generated using a 
FRET efficiency range of EI = (0, 0.2) and EII = (0.3, 0.7), respectively, from 
consecutive time intervals T = (, +) with  = 2 ms. Each histogram was fitted 
with a bimodal distribution consisting of an asymmetric log-normal [22] and a Gaussian 
function (Equ. 5.24).  
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Figure 5.14 - Histogram based RASP analysis for dynamic quantifications. (A-C)The FRET 
efficiency histogram of all molecules (blue bars) consisting of an isoI (EI  0.1) and isoII 
(EII  0.45) subpopulation is shown as a reference. The recurrence histograms (orange) are collected 
from molecules occurring in the recurrence time interval of (A) T = (0, 10) ms, (B) T = (10, 20) ms 
and (C) T = (20, 30) ms after a preceding burst with a FRET efficiency in the range of E = (0, 0.2) 
(dashed rectangle). The relative amplitude of the isoII subpopulation increases at elevated time 
intervals indicating interconversion dynamics on the recurrence timescale. (D) Quantitative RASP 
analysis using consecutive recurrence time intervals T = (-, +) with  = 2ms. For every 
interval, two recurrence histograms with bin size 0.02 were collected from molecules satisfying T 
and showing a preceding burst either in EI = (0, 0.2) or in EII = (0.3, 0.7). The corresponding 
fractions of isoI molecules (green and red dots) were obtained by a histogram fit using Equ. 5.24. The 
global fit of the resulting curves (green and red line, Equ. 5.25) reveals kinetic rates of kIII = 
(11.6 ± 0.4) s-1 and kIII = (25.1 ± 0.9) s-1. The fractions of isoI molecules originating solely from the 
arrival of new molecules are plotted as dashed lines (green and red). 
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𝐹𝐸𝐻(𝐸) = 𝐴1 𝑒𝑥𝑝 (−
ln(2)
ln(𝑎)2
ln (1 +
𝑎2 − 1
𝑎σ1
(𝐸 − 𝐸1))
2
)
+ 𝐴2 𝑒𝑥𝑝 (−
(𝐸 − 𝐸2)
2
2σ22
) 
(5.24) 
Here Ai, i and Ei with subscripts i = 1 or 2 denote the amplitude, standard deviation and 
average FRET efficiency of the log-normal and Gaussian function, respectively, and a the 
asymmetry value of the log-normal function. To increase the stability of the histogram fit 
only the amplitudes {A1, A2} were varied during chi-square minimization. The other fixed 
parameters were extracted from a fit of the total energy transfer efficiency histogram of all 
recorded molecules (Figure 5.13A), yielding 1 = 0.091 ± 0.001, E1 = 0.098 ± 0.001, 
a = 1.26 ± 0.02, 2 = 0.095 ± 0.002 and E2 = 0.424 ± 0.003. The fraction of molecules 
populating FRET state I was then calculated from the area under the log-normal fit curve. 
Figure 5.14D shows the resulting probabilities pI (, EI) and pI (, EII). Subsequently, 
kinetic information were extracted from the two probability curves by a global fit using 
Equ. 5.25. 
 𝑝𝐼(𝜏, ∆𝐸) = 𝑝𝑠𝑎𝑚𝑒(𝜏) ∙ (𝜌𝐼
𝑒𝑞 + [𝜌𝐼(0, ∆𝐸) − 𝜌𝐼
𝑒𝑞]𝑒−𝜏) 
+ (1 − 𝑝𝑠𝑎𝑚𝑒(𝜏)) ∙ 𝜌𝐼
𝑒𝑞
 
(5.25) 
where denotes the relaxation rate of the interconversion dynamic, andI (0, E) and I eq 
denote the initial and equilibrium fraction of molecules in state I, respectively. Latter was 
derived from the histogram of Figure 5.13A (I eq = 0.684 ± 0.002). The obtained 
parameters of the global fit are I (0, EI) = 0.989 ± 0.005, I (0, EII) = 0.028 ± 0.007 and 
 = (36.7 ± 0.4) s-1. Finally, the kinetic rates were calculated by applying kIII = (1I eq) 
and kIII = I eq to the extracted parameters, which leads to the transition rates kIII = 
(11.6 ± 0.4) s-1 and kIII = (25.1 ± 0.9) s
-1. 
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5.4.3 Discussion 
The corresponding relaxation time constant of tr = 1/ = 27.2 ms agrees with the expected 
range estimated by the recurrence histograms of Figure 5.14A-C and is in accordance with 
the expected value of 19 ms of the set buffer conditions (Figure 5.15). 
 
Figure 5.15 - Relaxation time constant of 4WJ at different MgCl2 concentration. The relaxation 
time was measured in the presence of 50 mM NaCl using conventional techniques, like confocal 
scanning TCSPC spectroscopy and TIRF microscopy, and the novel approach of freely diffusing 
confocal spectroscopy analyzed by RASP. The green values were fitted by an empirical power law 
equation (dashed line). The fit equation suggests a relaxation time constant of 19 ms for 7.5 mM 
MgCl2. 
Although RASP is a powerful technique, to gain kinetic information between 10 and 
100 ms, it has to be note that the time resolution of the method strongly depends on the 
used sample concentration. Fig. A2 (Appendix, chapter 7.4) illustrates the influence of the 
concentration on the recurrence probability. For example, for the ~1 pM concentrated 4WJ 
sample a 12h measurement was necessary. Consequently, a good control of the 
experimental conditions, like e.g. buffer concentration and sample temperature, is required. 
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5.5 Minutes to Hours – Slow Protein Folding Dynamics 
 
Figure 5.16 - Slow protein-folding dynamics. Interconversion dynamics of the outer membrane 
protein OmpLA in a membrane-mimetic and denaturing conditions of 10 mM LDAO and 4.5 M 
GdnHCl. (A) To monitor the conformational changes between the folded and unfolded state of 
OmpLA, a variant was engineered with two Cys at residue positions 125 and 234. Subsequently, the 
protein was labeled via thiol-malemide chemistry using a malemide-functionalized ATTO532 and 
ATTO647N fluorophore, respectively [12]. (B) Schematic of the one-dimensional energy landscape 
illustrating the difference in Gibbs free energy of the two molecular states over the reaction coordinate. 
OmpLA at 4.5 M GdnHCl in 10 mM LDAO shows an extremely pronounced energy barrier between 
its folded and unfolded conformation with a large relaxation time of ~1 hour.  (C) Chemical structure 
of the used zwitterionic detergent Lauryldimethylamine oxide (LDAO).  
The previous section has shown that RASP enables the quantification of slow 
interconversion dynamics by correlating the FRET efficiency of molecules re-entering the 
confocal volume. In doing so, the presented technique greatly extends the possible 
observation time of conventional confocal microscopes. Nonetheless, the temporal 
resolution of RASP is limited to a maximal observation time of ~100 ms due to the 
recurrence probability of freely diffusing molecules. Slow molecular changes of large 
proteins like e.g. adenylate kinase, CRBP I and sIGPs, as well as misfolding of 
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multidomains like e.g. the I27 domain of titin are on the order of seconds to hours, and thus 
exceed by far the detectable time range of RASP [76], [151], [164]–[166]. The following 
section provides a method for analysis of slow interconversion dynamics in freely diffusing 
single-molecule FRET spectroscopy. 
For this purpose, the slow folding membrane protein OmpLA was utilized, which 
autonomously folds to a -barrel on the timescale of hours (chapter 2.21). 
In order to monitor the molecular conformation of OmpLA, a variant was engineered with 
two Cys at residue positions 125 and 234. The variant was then labeled via thiol-malemide 
chemistry using a malemide-functionalized ATTO532 and ATTO647N fluorophore, 
respectively [12]. 
A manual mixing experiment was conducted in 1xTAE buffer (40 mM Tris-HCl, 20 mM 
acetic acid, 1 mM EDTA) and 10 mM MgCl2 by rapid dilution of the LDAO-solubilized 
folded OmpLA into 4.5 M GdnHCl and 10 mM LDAO. Once the sample was mixed with 
the buffer, a single-molecule FRET measurement of 10 h was performed at 25°C. After 
subsequently incubating OmpLA for 24 h a second measurement was set up to derive the 
equilibrium fractions of the folded and unfolded populations. 
From the recorded photon stream, single-molecule events were identified as fluorescence 
bursts with a maximum inter-photon time of 50 µs containing a minimum total number of 
100 photons after background correction and a Lee filter with a window size of four. To 
remove molecules affected by photobleaching, an asymmetric burst filter was applied, 
which discards all bursts with |TRR-TGR| bigger than 150 µs. The ALEX-2CDE brightness 
filter together with the calculated stoichiometry value of the molecules was then used to 
separate the donor and acceptor only bursts from those having both fluorophores active 
(Alex-2CDE < 15, 0.25 < S < 0.75).  
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5.5.1 Identification of Slow Protein Folding Dynamics 
The dashed line in Figure 5.17A shows the FRET efficiency histogram of the equilibrated 
sample exhibiting two peaks centred at Eu  0.3 and Ef  0.7, which correspond to the 
unfolded and folded conformation of OmpLA, respectively, at 10 mM LDAO and 4.5 M 
GdnHCl.  
 
Figure 5.17 - Identification of slow interconversion dynamic. (A) Time evolution of the unfolded 
and folded FRET states (Eu  0.3 and Ef  0.7) of OmpLA, respectively, in 10 mM LDAO and 
4.5 M GdnHCl. The FRET efficiency histograms (red to blue) are collected from molecules occurring 
in the time interval T = (0  tx) h with tx = {2,4,6,8,10}. Starting with ~70% folded molecules for 
T = (0 - 2) h the high FRET population decreases with elevated tx until it reaches ~44% for all 
recorded molecules. This indicates an interconversion dynamic on the order of hours. The FRET 
efficiency histogram of the equilibrated OmpLA with a folded fraction of ~27% is shown as a reference 
(dashed line). (B) Time trace of the burst wise apparent FRET efficiency (dark grey). During the 
ten hour measurement the sampling of the FRET efficiencies changes from approximately Ef to 
mainly Eu. From the time evolution of the average apparent FRET efficiency, calculated from 100 
adjacent bursts (colored dots), a relaxation time for the interconversion dynamics of ~5h can be 
estimated for OmpLA.  
In comparison to the unfolding experiment (blue graph), the equilibration measurement 
(dashed graph) yields a ~17% higher fraction of unfolded molecules, which indicates an 
extremely slow relaxation of OmpLA to its equilibrium. To further substantiate the time 
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evolution of the distribution during the measurement, a series of FRET efficiency 
histograms was collected from molecules occurring in the time interval T = (0  tx) h with 
tx = {2,4,6,8,10} (Figure 5.17A , red to blue graph). Starting with ~70% folded molecules 
for T = (0-2) h the high FRET population decreases with elevated tx until it reaches ~44% 
for all recorded molecules. This trend provides a clear evidence for the slow 
interconversion dynamic of OmpLA, which can be found on the timescale of hours. 
As a next step, the relaxation time of OmpLA was estimated by the time trace of the burst 
wise calculated FRET efficiency (Figure 5.17B, dark grey line). Therefore, the average 
FRET efficiency of segments of 100 bursts was calculated and plotted versus the 
corresponding mean of the burst arrival times. The resulting decay (Figure 5.17B, colored 
line) starts at a FRET efficiency of ~0.55 and converges after approximately 8 h to a value 
of ~0.35. Thus, a relaxation time of ~4 h can be found as a good estimation for the 
interconversion dynamic of the membrane protein OmpLA.  
5.5.2 Quantification of Slow Protein Folding Dynamics 
After the identification of the slow interconversion dynamics of OmpLA, a systematic 
analysis of the unfolded fractions was carried out. First a static PDA fit was applied to the 
equilibrium measurement to retrieve the average FRET efficiencies Eu,f and standard 
deviations u,f of the unfolded and folded state, respectively. 
Briefly, the overall shape of the experimental FRET efficiency histogram (FEH) was fitted 
to a theoretical FEH using Monte Carlo simulation assuming a two-state model with the 
folded and unfolded FRET efficiencies, Ef and Eu, respectively. To account for additional 
widths in excess of shot-noise broadening, individual distances, Rf,u, were drawn for each 
folded and unfolded burst from a Gaussian distribution probability function with u,f, 
describing the given width of the distribution (chapter 5.3.6). During chi-square 
optimization for every set of parameters {Eu, u, Ef, f, pf} a theoretical FRET efficiency 
histogram was generated by drawing the number of folded and unfolded molecules, nf and 
nu, respectively, from the binomial distribution: 
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𝑃(𝑛𝑓|𝑝𝑓, 𝑁, 𝐾) = (
𝑁 ∙ 𝐾
𝑛𝑓
) 𝑝𝑓
𝑛𝑓(1 − 𝑝𝑓)
𝑁∙𝐾−𝑛𝑓
 (5.26) 
where N denotes the total number of recorded molecules and K the oversampling factor. 
The number of molecules in the unfolded state nu was calculated from the difference of NK 
and nf. Subsequently, the number of acceptor photons af,u of the folded and unfolded 
molecules was drawn from the binomial distribution: 
 
𝑃(𝑎𝑓,𝑢|𝑓𝑓,𝑢, 𝐸𝑓,𝑢) = (
𝑓𝑓,𝑢
𝑎𝑓,𝑢
)𝐸𝑓,𝑢
𝑎𝑓,𝑢(1 − 𝐸𝑓,𝑢)
𝑓𝑓,𝑢−𝑎𝑓,𝑢
 (5.27) 
Finally, the apparent FRET efficiency histogram of each optimization step was collected 
from the ratios af,u / F of all randomized molecules and averaged by K. The static PDA fit, 
shown in Figure 5.18A (red cityscape), yielded Eu = 0.309 ± 0.002, u = (0.35 ± 0.01) nm, 
Ef = 0.668 ± 0.006, f = (0.26 ± 0.02) nm and pf = 0.20 ± 0.01. 
In a next step, the burst data of the unfolding measurement were analyzed. Due to the 
limited number of detected molecules (N = 5370), cumulative histograms were built of 
molecules occurring in a certain time interval T = (0  it) h with t = 20 min and 
i = {1, 2, …, 30}. The fraction of folded molecules ffold of each time interval was then 
derived from a static two-state PDA fit by using Eu,f and u,f of the analyzed equilibrium 
measurement as fixed parameters. Figure 5.18B (blue circles) shows the resulting fractions 
of cumulated folded molecules decaying from a value of approximately 0.8 to 0.4 over a 
time of ten hours. Finally, the relaxation time of OmpLA was derived by applying Equ. 
5.28 to the extracted fractions ffold. Therefore, advantage was taken of the individual burst 
arrival times to account for the decreasing number of molecules during the measurement.  
 𝑓𝑓𝑜𝑙𝑑(𝑡) = ∑𝑝𝑓𝑜𝑙𝑑(𝑡𝑖)/𝑁𝑡𝑖<𝑡
𝑡𝑖<𝑡
= 𝑁𝑡𝑖<𝑡 ∙ 𝜌𝑓𝑜𝑙𝑑
𝑒𝑞
+
(𝜌𝑓𝑜𝑙𝑑(0) − 𝜌𝑓𝑜𝑙𝑑
𝑒𝑞 )
𝑁𝑡𝑖<𝑡
∑𝑒−∙𝑡𝑖
𝑡𝑖<𝑡
 
(5.28) 
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Here  denotes the relaxation rate of the interconversion dynamic, ti the arrival time of 
the i-th burst, Nti<t the number of bursts with arrival times smaller than t. The parameters 
fold (0) and foldeq are the initial and equilibrium fraction of folded molecules, 
respectively. For the latter the folding probability of the equilibrium measurement was 
used. Note that foldeq is directly connected to the transition rates by foldeq = kf /  = 1  
ku / .  
 
Figure 5.18 - Quantification of slow interconversion dynamics. (A) FRET efficiency histogram of 
all recorded molecules of OmpLA in 10 mM LDAO at 4.5 M GdnHCl after 10h acquisition. The two-
state static PDA fit of the histogram (red cityscape) yielded Eu = 0.309 ± 0.002, 
u = (0.35 ± 0.01) nm, Ef = 0.668 ± 0.006, f = (0.26 ± 0.02) nm and pf = 0.27 ± 0.01. The 
weighted residual of the fit is shown in the top panel. (B) Decay of the cumulated fraction of folded 
molecules. To determine the relaxation time of the interconversion dynamic of OmpLA, a series of 
FRET efficiency histograms was collected from molecules occurring in the time interval 
T = (0  it) h with t = 20 min and i = {1, 2, …, 30}. The probability of the folded state pfold of 
each time interval was then derived from a static two-state PDA fit by using Eu,f and u,f of (A) as 
fixed parameters. Subsequently, the resulting decay curve (blue circles) was fitted by Equ. 5.28. 
Therefore, advantage was taken of the individual burst arrival times to account for the decreasing 
number of molecules during the measurement. The parameter foldeq = kf / (kf + ku) was obtained from 
a PDA fit of the FRET efficiency histogram of the equilibrated OmpLA (foldeq = 0.20 ± 0.01). The 
dashed line presents the relaxation curve of OmpLA, calculated from the derivation of the solid line, 
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with the extracted kinetic rates of kf = (0.055 ± 0.006) h-1 and ku = (0.22 ± 0.02) h-1 starting at an initial 
folded fraction of f (0) = 0.84 ± 0.02.  
From the fit of the fractions ffold (red solid line) an initial folded probability of 
fold (0) = 0.84 ± 0.02 and a relaxation rate of  = (0.28 ± 0.01) h-1 was gained for the slow 
interconversion dynamics of OmpLA leading to a folding and unfolding rate of kf = 
(0.055 ± 0.006) h-1 and ku = (0.22 ± 0.02) h-1, respectively. The dashed line in Figure 5.18B 
illustrates the uncovered relaxation curve of OmpLA starting at an initial folded probability 
of f (0) and returning to the equilibrium folded probability foldeq described by: 
 𝑝𝑓𝑜𝑙𝑑(𝑡) = (𝜌𝑓𝑜𝑙𝑑(0) − 𝜌𝑓𝑜𝑙𝑑
𝑒𝑞 )𝑒−∙𝑡 + 𝜌𝑓𝑜𝑙𝑑
𝑒𝑞
 (5.29) 
5.5.3 Discussion 
The derived relaxation time constant (tr = 1 / of tr = 3.57 h is in good agreement with the 
four hours estimated from the FRET efficiency time trace. The corresponding folding 
energy barrier can be approximated by Equ. 5.4 under the assumption of 0  N/100 µs 
[137]. This leads to an inverse attempt frequency of 0  1.09 µs and a free-energy barrier 
of Gf*  24.8 kBT for OmpLA125,234 at 10 mM LDAO and 4.5 M GdnHCl. 
Slow conformational dynamics are related to minor fractional changes over time. Thus, for 
the relatively long acquisition times of several hours stable temperature and solvent 
conditions are crucial to unravel the underlying kinetic information. 
Although the manual mixing approach constitutes a typical out of equilibrium experiment 
in which the relaxation of synchronized molecules (folded OmpLA) is observed, the 
combination of manual mixing and single-molecule FRET spectroscopy allows the 
investigation of subpopulations which would be averaged out in an conventional manual 
mixing ensemble measurement. 
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Chapter 6: Conclusion and Outlook 
The aim of this work was to establish a rigorous workflow for qualitative and quantitative 
analysis of biomolecular dynamics covering an extensive timescale ranging from 
nanoseconds to hours. For this purpose, a special designed custom-built setup was 
constructed combining Förster resonance energy transfer (FRET) spectroscopy, time-
correlated single photon counting (TCSPC), fluorescence anisotropy detection and 
fluorescence correlation spectroscopy (FCS) for multi-parameter fluorescence detection 
(MFD). 
MFD setup 
The special designed custom-built MFD setup is based on a confocal microscope, which 
enables the detection of single-molecules without the need of molecular synchronisation. 
After the pinhole, a modular 50:50/polarizing beamsplitter was introduced, which allows 
to drive the instrument either in FCS or fluorescence anisotropy detection mode. TCSPC 
detection, important for lifetime analysis, was implemented by the usage of avalanche 
photodiode (APD) detectors synchronized with two pulsed laser diodes. A dichroic mirror 
placed in each of the optical paths after the beamsplitter facilitate FRET efficiency 
detection. 
Further, the observation of biomolecular dynamics at different timescales was 
demonstrated on five biological model systems including the ultrafast folding soluble 
protein 3D, the DNA hairpin hpT21-5 with millisecond dynamics, the fast folding 
membrane interacting protein Mistic, the four way Holliday junction 4WJ with millisecond 
to second dynamics and the slow folding membrane protein OmpLA. 
Sub-Microseconds – Peptide Chain Dynamics 
The reconfiguration time of a peptide chain is directly proportional to the inverse attempt 
frequency, which reflects the folding time of a protein in absence of an energy barrier. This 
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folding time sheds light on the so-called “speed limit”, of protein folding. Chain dynamics 
of unfolded peptide chains can be identified by fluorescence lifetime analysis. The 
characteristic relaxation time of these chain dynamics can then be quantified using 
nanosecond fluorescence correlation spectroscopy (nsFCS) and is typically in the range of 
several nanoseconds. The unfolded population of the ultrafast folding protein 3D at 5 M 
GdnHCl showed a reconfiguration time of 49 ns yielding an inverse attempt frequency of 
0 = 0.31 µs, which is in the range of the theoretical predicted value of theo = 0.56 µs [78].  
Microseconds – Dynamics of Barrier Crossing 
The transition path-time represents the time a molecule needs for the diffusive crossing of 
an energy barrier of several kBT. This characteristic time reports on small features of the 
energy landscape including the curvature and diffusion coefficient at the barrier top and is 
usually in the order of a few microseconds. A specially designed maximum likelihood 
estimator (MLE), presented by Gopich and Szabo, made it possible to derive the transition 
path-time from photon trajectories [144]. In the case of the DNA hairpin hpT21-5, an upper 
bound of the transition path-time of tTP = 2.31 µs could be derived, which is in good 
agreement with with previous studies of DNA hairpins [148]. 
Milliseconds – Fast protein Folding Dynamics 
While the timescale of protein folding strongly depends on the height of the energy barrier, 
the ratio of the folding to unfolding rate is dictated by the difference in Gibbs free energy 
between the folded and unfolded state. Several fluorescence tools have been used to 
identify the millisecond dynamics of fast folding proteins: burst variance analysis (BVA), 
the correlation of the fluorescence lifetime with the FRET efficiency, and FRET-two-
channel density distribution estimator (FRET-2CDE) analysis [24], [53], [55], [100], [138]. 
Subsequently, the rates of interconversion dynamics were derived from statistical methods 
like dPDA, 3G and MLE [26], [52], [138], [144], [155], [160]. The membrane-interacting 
protein Mistic showed in DPC at a denaturing condition of 6 M Urea showed a relaxation 
time of    1 ms. 
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Milliseconds to Seconds – Stacking Dynamics of Nucleotides  
The observation time of single molecules in confocal microscopy is limited by the average 
diffusion time of the freely diffusing molecules through the confocal volume, which is 
usually in the order of one millisecond. Recurrence analysis of single particles (RASP) can 
extend the observation time up to ~100 ms by correlating the FRET efficiency of recurring 
molecules [163]. Thereby, the interconversion dynamics of coaxial stacked conformers of 
a four way Holliday junction (4WJ) could be quantified, yielding a relaxation rate of of 
k = 36.7 s-1, which is in accordance with scanning TCSPC and TIRF data and data as 
reported in the literature [69]. 
Minutes to Hours – Slow Protein Folding Dynamics 
Molecular changes of large domains of proteins can exhibit extremely pronounced energy 
barriers. The corresponding slow interconversion dynamics was extracted from manual 
mixing experiments. To this end, an overnight measurement is set-up starting with a 
predominantly folded molecule. From an exponential fit applied to the time-dependent 
evolution of the folded fraction of molecules, derived from the FRET efficiency 
histograms, the timescale of the dynamics was resolved. A manual mixing experiment of 
the membrane protein OmpLA in LDAO at a denaturing condition of 4.5 M GdnHCl 
yielded a relaxation time of folding and unfolding dynamics of 0.28 h-1. 
Further Remarks 
In conventional FRET experiments, usually only a single distance between the donor and 
acceptor fluorophore is monitored. In this scenario, low FRET efficiencies are often 
associated with open (unfolded) conformations, whereas high FRET efficiencies 
correspond to closed (folded) conformations. However, the underlying energy landscape of 
a biomolecule is highly multi-dimensional due to the large conformational space [4]. In 
order to avoid misinterpretations of structural and dynamic information, it is crucial to 
study different labeling positions of the same molecule. 
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In this work, relaxation times and kinetic rates of protein folding dynamics are presented 
at certain denaturing conditions. To derive the thermodynamic parameters of the native 
state, a set of experiments using different concentration of denaturant has to be performed. 
The kinetic rates of the native state can then be approximated from the linear extrapolation 
to 0 M denaturant [12], [29]. 
Future Experiments 
Borgia et al. put a big effort in the disentangling of the proportion of internal and solvent 
friction contributing to the reconfiguration time of the peptide chain of a soluble 
millisecond folding proteins spectrin R15 and R17 [38]. In this context, an interesting open 
question is the contribution of detergent-protein friction for membrane and membrane 
interacting proteins. This question could be answered by nsFCS measurements of model 
systems like Mistic or OmpLA using different membrane-mimetic environments [12], [29]. 
Temperature dependent single-molecule experiments have the ability to shed light on the 
entropic and enthalpic terms contributing to the energy landscape of biomolecules [167], 
[168]. However, there remains a gap of adequate single-molecule experiments for 
membrane proteins under membrane-mimetic environment. As detergents and lipids are in 
direct contact with membrane proteins, it is assumable that they induce a significant change 
in the enthalpy and entropy of the system. Temperature dependent single-molecule 
experiments of membrane proteins would complete the nsFCS measurements regarding 
detergent friction. 
Future Technique Developments 
farFRET presents a novel technique to extend the range of single-molecule FRET beyond 
the 10 nm range [27]. RASP, on the other hand, displays a method to overcome the 
temporal limitations of confocal fluorescence spectroscopy [163]. A combination of RASP 
and farFRET would pave the way for the observation of complex machineries involving 
different proteins, e.g. the interlocking mechanism of polymerase, helicase and primase 
during DNA replication or the structural organization of the nucleosome. 
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It has been demonstrated that fluorescence anisotropy enables the observation of ligand 
binding by the change of the rotational freedom of single fluorophores [169]. Tomov et al. 
developed a fluorescence method (FRET-2CDE), which is able to detect millisecond 
dynamics within photon trajectories [55]. A combination of FRET-2CDE and fluorescence 
anisotropy might enable the observation of conformational changes of biomolecules by the 
usage of a single fluorophore. 
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Chapter 7: Appendices 
7.1 Derivation of Equation 4.6 (inspired by Daniel Nettels) 
The convolution of two probability density functions f(t) and g(t) with 0  t  ∞ is defined 
as 
ℎ(𝑡) = (𝑓 ∗ 𝑔)(𝑡) = ∫𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏
𝑡
0
 (A7.1) 
The corresponding expected value E[t]h can be calculated by the first moment of h(t). 
𝐸[𝑡]ℎ = ∫ 𝑡 ∙ ℎ(𝑡)𝑑𝑡
∞
0
= ∫ 𝑡
∞
0
(∫𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏
𝑡
0
)𝑑𝑡 (A7.2) 
Because {(, t) :   t < , 0    t} = {(, t) : 0   < ,   t < }, the order of integration 
can be changed to 
∫ 𝑡
∞
0
(∫𝑓(𝜏)𝑔(𝑡 − 𝜏)𝑑𝜏
𝑡
0
)𝑑𝑡 = ∫ 𝑓(𝜏)(∫ 𝑡 ∙ 𝑔(𝑡 − 𝜏)𝑑𝑡
∞
𝜏
)
∞
0
𝑑𝜏 (A7.3) 
Subsequently, variable t is substituted by ( + s): 
∫ 𝑓(𝜏)(∫(𝜏 + 𝑠) ∙ 𝑔(𝑠)𝑑𝑠
∞
0
)
∞
0
𝑑𝜏
= ∫ 𝑓(𝜏)(𝜏∫ 𝑔(𝑠)𝑑𝑠
∞
0
+∫ 𝑠 ∙ 𝑔(𝑠)𝑑𝑠
∞
0
)
∞
0
𝑑𝜏
= ∫ 𝑓(𝜏)(𝜏 + 𝐸[𝑡]𝑔)
∞
0
𝑑𝜏 = ∫ 𝜏
∞
0
𝑓(𝜏)𝑑𝜏 + 𝐸[𝑡]𝑔 
(A7.4) 
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= 𝐸[𝑡]𝑓 + 𝐸[𝑡]𝑔  
leading to the final expression E[t]h = E[t]f + E[t]g. In the case of unknown probability 
density functions f(t) and g(t), the best estimation for the mean of the convolution is given 
by the sum of the arithmetic averages of samples from f(t) and g(t):  
〈𝑡〉ℎ ≈ 〈𝑡〉𝑓 + 〈𝑡〉𝑔 (A7.5) 
The recorded decay of a TCSPC measurement represents a convolution of the instrumental 
response function (IRF) of the detector-laser combination and the actual fluorescence 
lifetime distribution F(t). By applying Eq. A7.5 to the limited number of N microtimes ti of 
a fluorescence burst, a good estimator for the average fluorescence lifetime  of F(t) can be 
derived by 
𝜏 ≈
1
𝑁
∑𝑡𝑖
𝑁
𝑖=1
− 〈𝑡〉𝐼𝑅𝐹 (A7.6) 
where tIRF denotes the average delay time of the IRF including the detection and electronic 
offset of the setup. The only assumption required is that the observation time window T of 
the microtimes is much bigger than  
In order to correct for the presence of background photons, equation A7.6 is modified to  
𝜏 ≈
1
𝑁(1 − 𝑏)
∑𝑡𝑖
𝑁
𝑖=1
−
𝑏
(1 − 𝑏)
〈𝑡〉𝐵𝐺 − 〈𝑡〉𝐼𝑅𝐹 (A7.7) 
with tBG and b being the average delay time and fraction of the background photons, 
respectively. 
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7.2 Protein sequences 
3D MGSWAEFKQR LAAIKTRLCA LGGSEAELAA FEKEIAAFES 
ELQAYKGKGN PEVEALRKEA AAIRDELQAY RHNC 
Mistic MFCTFFEKHH RKWDILLEKS TGVMEAMKVT SEEKEQLSTA 
IDRMNEGLDA FIQLYNESEI DEPLIQLDDD TAELMKQARD 
MYGQEKLNEK LNTIIKQILS ISVSEEGEKE 
OmpLA QEATVKEVHD APAVRGSIIA NMLQEHDNPF TLYPYDTNYL 
IYTQTSDLNK EAIASYDWAE NARKDEVKFQ LSLAFPLWRG 
ILGPNSVLGA SYTQKSWWQL SNSEESSPFR ETNYEPQLFL 
GFATDYRFAG WTLRDVEMGY NHDSNGRSDP TSRSWNRLYT 
RLMAENGNWL VEVKPWYVVG NTDDNPDITK YMGYYQLKIG 
YHLGDAVLSA KGQYNWNTGY GGAELGLSYP ITKHVRLYTQ 
VYSGYGESLI DYNFNQTRVG VGVMLNDLF 
 
  
 
112 
7.3 Identification of dynamics on the recurrence timescale 
 
Figure A1 – Simultaneous single-molecule FRET measurement of two static DNA ruler with 9bp and 
21bp distance between donor and acceptor, respectively. (A) Energy transfer efficiency histogram of 
all molecules recorded in 20 mM Tris-HCl, 50 mM NaCl at a sample concentration of ~10 pM. (B) 
Correlation of the average FRET efficiency with the lag time of adjacent molecules. The semi 
logarithmic inter-burst time histogram (top) shows two pronounced peaks collected from both recurrent 
molecules at low inter-burst times and new molecules arriving at high inter-burst times. The recurrent 
molecules at low inter-burst times perfectly rebuild the FRET efficiency histogram along the y-axis 
proofing the static behaviour of the sample. Only at longer inter-burst times an intermediate population 
appears, which originates from the arrival of new molecules in the confocal volume. 
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7.4 Dependency of psame() on the sample concentration 
 
Figure A2 – Recurrence probability psame() determined from single-molecule FRET measurements of 
a DNA ruler with increasing sample concentration, 1 – 80 pM. (A) The lag time 1/2 at which half of 
the molecules are recurrent defines the time resolution of the RASP method and decreases with 
elevated concentration. (B) The plot of lag time 1/2 vs the sample concentration reveals an exponential 
dependency (fit and equation shown).  
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Figure A3 – Semi logarithmic inter-burst time histogram of single-molecule FRET measurements of 
a static DNA ruler with increasing sample concentration (10 – 80 pM). The distributions show two 
separated peaks at low and high inter-burst times corresponding to the lag times of recurrent and new 
molecules, respectively. The characteristic correlation times, c and 1/2, of the psame() curve can be 
identified as the left flank and the mid-point of the distribution, respectively. Conversely, this means 
that all parameters of the recurrence probability can be derived from the easily calculated inter-burst 
time histogram by using relation n = (1+/ c)-3/2. 
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7.5 Effect of fluorescence quenching on MFD parameters 
General equations 
Count rate of the donor and acceptor fluorescence 
after green excitation, nGG and nGR, respectively 
[100]. Here t denotes the dwell time between 
adjacent laser pulses and pexD/exA , D/A and D/A 
denote the excitation probability per pulse, the 
fluorescence quantum yield and the detection 
efficiency of the donor and acceptor, respectively. 
𝑛𝐺𝐺 = 𝑝𝑒𝑥𝐷𝐷𝐷 (
𝑘𝐷
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇
) ∆𝑡−1 
 
𝑛𝐺𝑅 = 𝑝𝑒𝑥𝐷𝐴𝐴 (
𝑘𝐹𝑅𝐸𝑇
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇
) ∆𝑡−1 
 
𝑛𝑅𝑅 = 𝑝𝑒𝑥𝐴𝐴𝐴∆𝑡
−1 
The corrected FRET effiency neglecting direct 
excitation and spectral crosstalk. 
𝐸 =
𝑛𝐺𝑅
𝑛𝐺𝑅 +  𝑛𝐺𝐺
    𝑤𝑖𝑡ℎ    =

𝐴
𝐴

𝐷
𝐷
 
Quantum yield of the donor fluorophore. 𝐷 =
𝑘𝑟
𝑘𝑟 + 𝑘𝑛𝑟
=
𝑘𝑟
𝑘𝐷
 
Fluorescence lifetime of the donor in absence of 
any acceptor including the radiative kr and 
nonradiative rate knr. 
𝜏𝐷(0) =
1
𝑘𝑟 + 𝑘𝑛𝑟
=
1
𝑘𝐷
 
Fluorescence stoichiometry. Here rn denotes the 
ratio of photons originating from red and green 
excitation. For the case of pexD = pexA the ratio   rn 
should be 1. 
𝑆 =
𝑛𝐺𝑅 +  𝑛𝐺𝐺
𝑛𝐺𝑅 +  𝑛𝐺𝐺 + 𝑛𝑅𝑅
=
1
1 + 𝑟𝑛
    
 
𝑤𝑖𝑡ℎ   𝑟𝑛 =
𝑛𝑅𝑅
𝑛𝐺𝑅 +  𝑛𝐺𝐺
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Donor quenching 
Donor quenching affects the count rate of the 
donor and acceptor after green excitation, as well 
as the fluorescence quantum yield of the donor 
dye. 
𝑛𝐺𝐺
′ = 𝑝𝑒𝑥𝐷𝑫
′ 
𝐷
(
𝑘𝐷 + 𝒌𝑸
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
)∆𝑡−1 
 
𝑛𝐺𝑅
′ = 𝑝𝑒𝑥𝐷𝐴𝐴 (
𝑘𝐹𝑅𝐸𝑇
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
)∆𝑡−1 
 
𝑫
′ =
𝑘𝑟
𝑘𝐷 + 𝒌𝑸
= 𝐷 (
𝑘𝐷
𝑘𝐷 + 𝒌𝑸
) 
 
Effect on fluorescence parameters: 
𝜏𝐷(𝐴)
′ =
1
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
<
1
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇
= 𝜏𝐷(𝐴) 
𝜏𝐷(𝐴)
′ =
𝑫
′
𝐷
𝜏𝐷(𝐴) 
𝐸′ =
𝑛𝐺𝑅
′
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
′ =
(
𝑘𝐹𝑅𝐸𝑇
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
)
(
𝑘𝐹𝑅𝐸𝑇
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
) + (
𝑘𝐷
𝑘𝐷 + 𝒌𝑸
) (
𝑘𝐷 + 𝒌𝑸
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
)
=
𝑘𝐹𝑅𝐸𝑇
𝑘𝐹𝑅𝐸𝑇 + 𝑘𝐷
= 𝐸 
𝑆′ =
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
′
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
′ + 𝑛𝑅𝑅
=
1
1 +
𝑛𝑅𝑅
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
′
=
1
1 + 𝑟𝑛
𝑛𝐺𝑅 +  𝑛𝐺𝐺
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
′
=
1
1 + 𝑟𝑛
𝐸′ 𝑛𝐺𝑅
𝐸 𝑛𝐺𝑅
′
=
1
1 + 𝑟𝑛
 𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 + 𝒌𝑸
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇
=
1
1 + 𝑟𝑛
 𝜏𝐷(𝐴)
𝜏𝐷(𝐴)
′
=
1
1 +
𝐷 
𝑫
′ (
1
𝑆 − 1)
 𝑆 
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Acceptor quenching 
Acceptor quenching affects the count rate of the 
acceptor fluorescence after green and red 
excitation, as well as the fluorescence quantum 
yield of the acceptor dye. 
𝑛𝐺𝑅
′ = 𝑝𝑒𝑥𝐷𝑨
′ 
𝐷
(
𝑘𝐹𝑅𝐸𝑇
𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇
) ∆𝑡−1 
 
𝑛𝑅𝑅
′ = 𝑝𝑒𝑥𝐴𝑨
′ 
𝐴
∆𝑡−1 
 
𝑨
′ =
𝑘𝑟
𝑘𝐴 + 𝒌𝑸
= 𝐴 (
𝑘𝐴
𝑘𝐴 + 𝒌𝑸
) 
 
Effect on fluorescence parameters: 
𝜏𝐴
′ =
1
𝑘𝐴 + 𝑘𝑄
<
1
𝑘𝐴
= 𝜏𝐴 
𝜏𝐴
′ =
𝑨
′
𝐴
𝜏𝐴 
𝐸′ =
𝑛𝐺𝑅
′
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
=
𝑨
′
𝐴
𝑛𝐺𝑅
𝑨
′
𝐴
𝑛𝐺𝑅 +  𝑛𝐺𝐺
=
1
1 +
𝐴 
𝑨
′ 
𝑛𝐺𝐺
𝑛𝐺𝑅
=
1
1 +
𝐴 
𝑨
′ (
1
𝐸 − 1)
 𝐸 
𝑆′ =
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺
𝑛𝐺𝑅
′ +  𝑛𝐺𝐺 + 𝑛𝑅𝑅
′ =
1
1 +
𝑛𝑅𝑅
𝑛𝐺𝑅 +
𝐴 
𝑨
′  𝑛𝐺𝐺
=
1
1 +
𝑟𝑛(𝑛𝐺𝑅 +  𝑛𝐺𝐺)
𝑛𝐺𝑅 +
𝐴 
𝑨
′  𝑛𝐺𝐺
=
1
1 +
𝑟𝑛
𝐸 +
𝐴 
𝑨
′ (1 − 𝐸)
=
𝐸 +
𝐴 
𝑨
′ (1 − 𝐸)
𝐸 +
𝐴 
𝑨
′ (1 − 𝐸) + (
1
𝑆 − 1)
 𝑆 
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Calculation of the quenched fluorescence lifetime and count rate 
If the quenching of the fluorophore changes the actual quantum yield by a factor of f: 
𝐹
′ = 𝑓 ∙𝐹 
we can calculate the quenching rate from the ratio of the quantum yields by knowing the 
original fluorescence lifetime 𝜏𝑓: 
𝑓 =
𝐹
′
𝐹
=
𝑘𝑓
𝑘𝑓 + 𝑘𝑄
=
𝜏𝑓
′
𝜏𝑓
 
𝜏𝑓 =
1
𝑘𝑓
 
and obtain: 
𝑘𝑄 = (
1 − 𝑓
𝑓
)
1
𝜏𝑓
   𝑎𝑛𝑑   𝜏𝑓
′ = 𝑓 ∙ 𝜏𝑓 
For the fluorescence count rate of the fluorophore we obtain similar equations: 
𝑛𝐹 = 𝑛0 ∙𝐹    𝑎𝑛𝑑    𝑛𝐹
′ = 𝑛0 ∙𝐹
′  
𝑛𝐹
′ = 𝑓 ∙ 𝑛𝐹 
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